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THE ABSORPTION OF GLUCOSE BY THE IN VITRO 
INTESTINAL PREPARATION 


By H. NEWEY, D. H. SMYTH anp B. C. WHALER 
From the Department of Physiology, The University of Sheffield 


(Received 1 November 1954) 


Hestrin-Lerner & Shapiro (1954) have put forward a theory of glucose absorp- 


tion from the intestine, according to which an unidentified substance (neither 


a phosphorylated compound nor lactic acid) is formed in the intestinal mucosa, 
passes into the blood stream and is subsequently changed to glucose in some 
other organ. The evidence for this theory rests on in vitro and in vivo experi- 
ments, and the purpose of the present paper is to.examine the evidence relative 
to the in vitro work. The main issue is the fate of the glucose which disappears 
in the im vitro intestinal preparation. The evidence obtained by Hestrin- 
Lerner & Shapiro in this respect does not agree with simultaneous work of 
Wilson & Wiseman (1954a) who used everted sacs of small intestine, nor of 
Wilson (1954) who used the preparation of Fisher & Parsons (1950). Experi- 


ments have therefore been carried out to obtain a more complete balance 
_ Sheet of the fate of the glucose than was attempted by these authors. A num- 


ber of experiments have also been done to determine the site of lactic acid 
formation by the 7m vitro intestinal preparation. 


METHODS 
The intestinal preparation 


_ This is a modification of the preparation of Wiseman (1953), and has been described by Smyth & 


Whaler (1953). Rats of 80-300 g were used. The length of the intestine suspended was 42 cm 
except where otherwise stated. In describing the results, the term ‘ileum’ refers to a length of 
intestine measured from the caecum, and the term ‘jejunum’ refers to a length measured from the 
pylorus and, therefore, includes the duodenum. Phosphate-saline (Krebs, 1933) was used, and the 
duration of all experiments was 1 hr except when stated otherwise. The setting up of the prepara- 
tion was similar to the technique described by Wiseman (1953), except that the preliminary 
washing out of the intestine was done with ice-cold oxygenated saline instead of warm saline. 
After commencing the oxygenation of both inner and outer solutions, the apparatus was trans- 
ferred to a water-bath at 38° C. The usual procedure was to use phosphate-saline for washing out 
the intestine and setting up the preparation, and just before putting into the warm water-bath to 
drain off the solutions and replace with those to be used during the course of the experiments. At 
the end of ti. experimental period different procedures were used according to the purpose of the 
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experiment. In cases where the aim was to determine the final concentration in the inner and 
outer fluids separately these were drained off into measuring cylinders. The intestine was rapidly 
plunged into boiling water, ground with sand and an aqueous extract made for determination of 
glucose and lactic acid. In cases where the aim was to provide a complete balance sheet of the fate 
of glucose the inner and outer fluids were pooled, the intestine homogenized in the total fluid, and 
samples taken for analysis. 

In a few experiments an everted preparation was used. After preliminary washing out with 
phosphate-saline, the intestine was everted by the method used by Wilson & Wiseman (1954a) for 
making intestinal sacs, and then tied on the apparatus in the usual way. In the descriptions of 
these experiments, it is important to remember that the mucosal surface is now the outer surface. 
In a few other experiments, the intestine was everted and the mucosa scraped off with two glass 
microscope slides. This can be done with an amount of damage to the other intestinal layers 


(6) 


Fig. 1. Apparatus for the oxidation of glucose in vitro, and for 
the collection of the carbon dioxide produced. 


insufficient to cause visible leaking when the intestine is under sufficient pressure to cause obvious 
distension. Macroscopic examination showed that most of the mucosa had been removed but no 
histological examination was made. In describing these preparations the ‘mucosal’ side means 
that from which the mucosa had been removed. 

The final dry weight of the preparation was determined when possible. In cases where the 
intestine was homogenized, the dry weight was taken of a measured length adjacent to the segment 
used, and the dry weight of the segment calculated. 


Chemical estimations 

Glucose was estimated by the method of Shaffer & Somogyi (1933), lactic acid by the method 
of Elsden & Gibson (1954) after desugaring with copper-lime treatment, and glycogen by the pro- 
‘cedure described by Evans, Tsai & Young (1931). 

The metabolic carbon dioxide was determined by collection of the gas from the gas outlets of 
the apparatus, bubbling through 0-3 n-baryta, and back-titration with HCl. The technique used 
collects the carbon dioxide from the fluids on both the mucosal and serosal sides. In experiments 
with radioactive glucose the radioactivity of the barium carbonate was subsequently measured by 
the method described by Kornberg, Davies & Wood (1952). For determination of the specific 
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activity of barium carbonate obtained from chemical oxidation of radioactive glucose, the tech- 
nique of Davison (1952) was used with the modification that the combustion mixture for carbo- 
hydrate described by Van Slyke, Plazin & Weisiger (1951) was employed. The details are as follows. 
The combustion of radioactive glucose was carried out in an all-glass unit as shown in Fig. 1a. 
Burette B contained 5 ml. of liquid combustion reagent and the combustion tube A contained 1 ml. 
of the glucose solution and 400 mg of solid combustion reagent. The collection flask D contained 
3 ml. of a 6% (w/v) solution of hydrazine sulphate in CO,-free 3n-NaOH. The apparatus was 
evacuated by tap C, and 3 ml. of the liquid reagent allowed to flow into A which was gently 
warmed, The CO, evolved was collected in flask D which was kept in an ice-bath. After 15 min, 
flask D was removed and 2 ml. syrupy lactic acid pipetted into side arm Z, and flask D was then 
immediately transferred to the second unit shown in Fig. 1b, This was evacuated by tap F. The 
lactic acid was tipped into the main compartment and the liberated CO, was collected in tube H 
containing 3 ml. 0-3 N-standard baryta. Tube H was then removed, the excess baryta neutralized 
to thymol blue with HCl. The precipitate was centrifuged, washed twice with distilled water and 
twice with acetone, finally suspended in acetone and transferred to a weighed counting plate for 
determination of the radioactivity. 

The radioactive glucose was obtained from the tisticchetiboal Centre, Amersham. It is pre- 
pared by photosynthesis, and under the conditions used the “C was found to be uniformly dis- 
tributed in the molecule (Vittorio, Krotkov & Reed, 1950). 


RESULTS 

The preparation used can transport glucose against a concentration gradient 
and the rate of transfer is of the same order as that obtained by Wiseman (1953), 
but somewhat smaller than that obtained by Fisher & Parsons (1950). Since 
this in vitro transfer of glucose is now well established, no further details are 
included in this paper, and experiments have been devoted chiefly to investi- 
gating the formation of lactic acid, carbon dioxide, and other possible 
metabolites. 

The first series of experiments was designed to study the production of 
lactic acid during glucose disappearance. Glucose was added to the inner and 
outer solutions in a wide range of concentrations. In most of the sixteen 
experiments carried out, the concentrations on the inside and outside were 
equal, in a few experiments glucose was initially present on the inside only. 
The results of some representative experiments are given in Table 1, from 
which it is seen (1) that lactic acid in the majority of cases appears in greater 
amounts in the outer solution than the inner, and (2) that the total amount of 
lactic acid formed does not account for all the glucose which disappears. The 


- amount of lactic acid formed is equivalent to a Qicticacia Of 2-10 comparing 


with values of 1-4 found by Dickens & Weil-Malherbe (1941) for aerobic 
glycolysis of the rat ileal mucosa, and with values of 3-12 found by Wilson & 
Wiseman (19545) in intestinal sacs of rat ileum. The table also includes figures 
for lactic acid production in the absence of glucose. These show that while most 
of the lactic acid comes from added glucose, a small quantity (about 1-5 mg) 
is produced in the absence of added glucose, presumably from glucose or 
glycogen originally present in the intestine. This amount must be taken into 


consideration in making balance sheets on the fate of glucose. ig? 
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’ Experiments of this kind, in which the inner and outer solutions are collected 
separately in order to determine the final concentration of lactic acid, are not 
entirely suitable for balance experiments, and in more accurate balance experi- 
ments separate analysis of the inner and outer solutions was not carried out. 


TaB_e 1, Formation of lactic acid in the intestine during glucose transfer 


Glucose concn. Glucose Amount of lactic acid formed (mg) 
(mg %) dis- 
appearance Inner Outer. 
Inner Outer (mg) solution _ solution Total 
i 53 53 18 3-6 4-1 8-7 
‘ 170 170 26 41 6-1 12:3 
260 260 41 4-2 10-4 21-0 
276 276 — 32 2-4 5-8 13-1 
470 470 45 4-4 6-5 16-3 
80 0 14 2-4 4:4 73 
190 0 24 4-7 5-2 13-0 
*280 280 37 4-8 78 16-0 
*346 346 38 4:5 5-4 13-7 
0 0 0 0-6 0-7 1-6 
0 - 0 0-5 0-8 1-4 


In experiments marked with an asterisk the jejunum is used, in all other experiments the ileum. 
The total amount of lactic acid formed also includes the amount in the intestinal wall. 


Tavun 2.. Balance of glucose disappearance and lactic acid formation i in rat ileum 


Percentage 
Glucose of glucose Glucose 
ta Initial Lactic acid counted CO, of CO, 
concen. § Loss formed foras produced produced 
(mg%) (mg) (mg) lacticacid (ml.) (mg) 
161 15 9-0 oOo 
211 15 9-3 62 
211 4-6 51 
# 159 21 9-5 45 4-76 6-4 
159 24 14-9 62 4-48 6-0 
: 162 14 6-7 48 5:15 
162 14 71 51 5-31 71 
*203 19 18-6 98 — dni 
*203 20 21-2 106 — eve 
*158 17 17:1 101 — ant 
*158 19 18-7 99 — ani 


; Experiments marked with an asterisk were done under anaerobic conditions. 


f In some experiments the carbon dioxide production was also measured. The 
results of the experiments are presented in Table 2. From this it is seen that 
lactic acid accounts for 45-62%, of the glucose which disappears. It should be 
remembered, however, that some lactic acid is formed in the absence of 
| glucose (Table 1). This extra lactic acid presumably accounts for the fact that 
7 more than 100% of glucose may be accounted for anaerobically. In the 
q aerobic experiments it probably means that the lactic acid formed accounts 
for less of the glucose loss than the figures suggest. If we consider CO, produc- 
tion and assume that all the CO, formed comes from glucose it is seen that 
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nearly all the glucose loss not accounted for as lactic acid could be accounted — 
for as CO,. There are, however, no grounds for assuming that CO, production 
comes only from added glucose, and experiments with radioactive glucose 
were carried out to investigate this. | 


Experiments with radioactive glucose 
A series of experiments was carried out with radioactive glucose to compare 


_ the specific activity of the carbon dioxide produced from glucose after chemical 


combustion and during absorption éf glucose by the intestine. The same sample 
of glucose was used in all the experiments, and the results are given in Table 3. 


The last column, obtained by dividing each value in column 2 by the average 


of the values in column 1, gives the fraction of the CO, produced by the intes- 
tine which is derived from radioactive glucose. From this table two conclusions 
can be drawn: (1) that during absorption from the intestine a certain amount 


TABLE 3. Specific activity of barium carbonate obtained from combustion 
; of glucose chemically and biologically 


Oxidation in intestine 
Chemical oxidation Duration CO, derived 
c ae —— of expt. Specific from radio- 
Specific activity Average (min) activity active glucose 

3335 \ 60 1655 50 
60 1785 54 
3285 60 1800 55 
60 1575 48 
120 1830 55 
3540 3 120 1748 53 
120 1973 60 


and self absorption. 


of added glucose is oxidized to carbon dioxide; (2) that the carbon dioxide 
produced by the intestinal preparation does not come entirely from the glucose 
added, but almost half of it must come from some other source in the intestine. 
This must be taken into consideration in calculating the amount of glucose 
which can be accounted for as carbon dioxide. It should be stressed that this 
second conclusion depends on the assumption that the “C is uniformly dis- 
tributed in the glucose molecule. ; | 


Balance experiments with radioactive glucose 
Table 4 gives the results of balance experiments with radioactive glucose, 
and shows the glucose loss, the amount of lactic acid formed, and the amount 
of glucose which can be accounted for as CO,. The last figure was calculated 


from the total CO, measured and the specific activity of the barium carbonate 
formed in each case. It is clear from the table that a considerable fraction of 


The specific activity is expressed in counts per min at infinite thickness corrected for dead time 
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glucose disappearing (up to 80%) can be accounted for as lactic acid or carbon 
dioxide. If we consider that some lactic acid is formed in the absence of 
glucose the percentage of glucose loss accounted for as CO, or lactic acid is 
somewhat less (60-74%). If calculations are made from Table 2 assuming that 
only 50% of the CO, is derived from added glucose, and allowing for about 
1-5 mg of lactic acid formed in the absence of glucose, then the percentage of 
glucose accounted for as lactic acid or CO, varies from 53 to 68%. It must be 
concluded that of the total glucose which disappears at least half, and usually 
considerably more, is accounted for either as lactic acid or as carbon dioxide. 


TABLE 4. Disappearance of radioactive glucose and formation of lactic acid 


and radioactive CO, in rat ileum 
Glucose ac 
| counted for 
Initial glucose Glucose loss §_ Lactic acid as CO, 
conen. (mg %) (mg) formed (mg) (mg) 
231 22 14 34 
187 21 12 5-2 
184 24 12 5-6 
195 24 11 5-0 
Other possible metabolites 


A sample of the final fluid obtained from experiments with radioactive 
glucose absorption was precipitated with 2:4-dinitrophenylhydrazine. after 
addition of pyruvic acid as carrier, and the radioactivity of this hydrazone 
precipitate was determined. This showed a definitely measurable degree of 
radioactivity, indicating that some keto acid, probably pyruvic acid, had been 
formed. It was not possible by this technique to estimate with any degree of 
accuracy how much of the glucose could be accounted for in this way, but 
from the specific activity of the hydrazone it could be roughly assessed that 
the keto acid formed probably did not account for more than 1 mg glucose. 

A few experiments were done to determine whether formation of glycogen 
could account for any of the glucose. These showed that the amount of glyco- 
gen in the intestine at the end of an experiment was always less than 1 mg, and 
there was no evidence of any increase in glycogen during the course of an 
experiment. 

Attempts were made to find out whether any other radioactive product was 
formed by running paper chromatograms in butanol-acetic acid solvent and 
cutting the paper into small pieces and scanning these for radioactivity. In 
order to obtain the maximum concentration of metabolites in the solution, the 
intestinal preparation was made in these cases by the technique of Smyth & 
Taylor (1954). In this preparation there is no initial outer fluid, and the sub- 
stances passing through the intestinal wall appear therefore in relatively high 
concentration. The value of this chromatographic procedure is limited, as small 
degrees of radioactivity could be missed on account of self absorption in the 
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filter paper, but activity definitely above background could only be obtained 
in two places on the paper corresponding to the spots for glucose and lactic 
acid. It would seem that any other radioactive metabolite must be present in in 
smaller quantities than lactic acid. 


Ste of lactic acid formation 


The work of Dickens & Weil-Malherbe (1941) suggests that acs mucosa is an 
important site of aerobic glycolysis. In the in vitro intestinal preparation 
smooth muscle is also present, and in order to determine the relative import- 
ance of the mucosa and smooth muscle in glycolysis, a preparation was made 
in which the gut was everted and the mucosa carefully scraped off so that the 
preparation consisted mainly of a tube of smooth muscle. 


TaBLeE 5. Lactic acid formation in everted intestine after removal of the mucosa 


Initial glucose Final lactic acid concen. 
concn, r A + Total lactic 
Inner and outer JInner acid formed 
%) (mg %) (mg) 
358 1-34 1-62 0-74 
358 1-64 2-50 1-38 
400 1-40 
400 — — 1-80 
358 10-2 9-84 711 


The last experiment in the table was carried out with an everted intestine without removal of 
the mucosa. 


The results of these experiments are given in Table 5, and it is seen that 
a great reduction in lactic acid formation has taken place in comparison with 
the normal preparation. That this is not due to the eversion is shown by the 
last experiment in the table in which formation of lactic acid was studied in 
the everted intestine without removal of the mucosa. It must be concluded 
that the mucosa is the chief site of the glycolysis and the contribution of the 
smooth muscle is relatively small. 


Transfer of lactic acid in the absence of glucose 

It is seen from Table 5 that the chief site of lactic acid formation is the 
mucosa, whereas Table 1 shows that usually more lactic acid accumulates in 
the outer fluid. This suggests that transfer of lactic acid takes place from the 
mucosa to the outer fluid. To investigate this movement of lactic acid, a num- 
ber of experiments were done in which lactic acid was added in the absence of 
glucose either to the inner or to the outer fluid. Both the normal preparation 
and the everted preparation were used. The results are shown in Table 6, At 
the concentrations used, the rate of lactic acid transfer from the mucosal side 
to the serosal side is greater than in the reverse direction. 

Since Table 6 suggests the possibility of active transfer of lactic acid, a series 
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ia of experiments was done in which the initial lactic acid concentration was the 
same on both sides, the aim being to see whether lactic acid could be concen- 
trated against a gradient. The results are shown in Table 7. In all experiments 
there is a definite fall in concentration on the inner side, but there is no corre- 
sponding increase in the outer. The results are thus equivocal and fail to 
provide definite evidence for transfer of lactic acid against a gradient. 


TaBxe 6, Transfer of lactic acid with a concentration gradient 
Conen, of lactic acid (mg %) 


Amount of lactic acid 
Initial Final transferred (mg) 

Gerosal’  Serossl’ ‘Mucosal  Serosal 
347 0 — 28 — 9 
199 0 — 19 — 4 
183 0 — 12 — 4 
100 0 —_ 14 — 3 
99 0 — 7 — 2 
0 430 10 3 
0 429 14 — 3 
0 216 5 1 
0 172 4 — l — 
0 108 3 
0 86 3 — 1 — 

Determinations were not made of the amount of lactic acid disappearing from the side in which 
lactic acid was initially present. 


TaBLE 7. Movement of lactic acid in the absence of a large initial concentration gradient 
Conen. of lactic acid (mg %) — 


r + Loss or gain of lactic 
Duration of - Initial Final acid (mg) 

(min) Inner Outer Inner Outer Inner Outer 

60 26-6 28-2 21-6 25-9 

60 27-9 29-6 20-0 27-6 — 3-4 —1-2 

60 50-5 53-0 41-6 51-6 — 2-2 -1-0 

60 54-2 55-5 45-6 53-7 — 58 -3-9 

30 19-3 19-3 156 | 19-4 -1-7 +0-4 

30 38-8 40-5 39-8 — 0-2 

Utilization of lactic acid 


The results in Table 7 suggest that there is a loss of lactic acid during the 
course of the experiments. To study this more precisely, careful balance 
experiments were done in which an accurately measured amount of lactic acid 
was added. After 60 min, the inner and outer solutions were pooled, the gut 
was homogenized in these, together with washings from the apparatus and the 
lactic acid in the total volume determined. As controls, experiments were run 
for 3 min instead of 60 min; the results are shown in Table 8. In the last 
experiment in this table no lactic acid was added. The other twelve experiments 
are arranged in three groups in each of which two preparations were run for 

/ 3 min and two for 60 min. In the first two groups the lactic acid solution was 
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added before the incubation was started. In these, the 3 min experiments 
show that lactic acid has been formed while the 60 min experiments show that 
the lactic acid recovered was nearly the same as that added. The implication of 
these results is that lactic acid appeared during the first 3 min, and then sub- 
sequently disappeared during the next 60 min. This appearance during the 
first few minutes could be due to diffusion from the mucosa of lactic acid 


TaBLeE 8. Utilization of lactic acid 


Gain or loss 
Duration of Totallactic Total lactic Compared Compared with 
experiment acid added acid recovered with lactic average of 
(min) (mg) (mg) acid added Average 3 min expt. 
3 9-3 11-3 4241 
3 9-3 11-5 +2-2 
60 9-3 9-0 -0°3 — 2+4 
60 9-3 9-6 +03 — ~18 
3 16-6 16-9 +0-3 
3 16-6 18-7 teat 
60 16-6 15-0 ~146 — -2-8 
60 14-9 16-5 +06 — +06 
3 26-9 26-5 —0-4 
3 26-9 25-5 
60 26-9 22-5 -3-5 
60 26-9 23-3 -3-6 
3 0 2:1 +2:1 


formed during the setting up of the preparation. This hypothesis was tested 
in the third group of experiments in which the preparation was incubated for 
5 min, drained, washed out with saline, and lactic acid added. The 3 min 
experiments show no increase of lactic acid while the 60 min experiments 
show an actual decrease of lactic acid compared with the amount added. 
The results show that under the conditions of these experiments, small amoun 

of lactic acid can be used. ; 


DISCUSSION 


The results show that during transfer of glucose by the in vitro intestinal 
preparation, more than half of the glucose which disappears can be accounted 
for either as lactic acid or carbon dioxide, while in anaerobic experiments, all 
the glucose is accounted for as lactic acid. The results are not in agreement with 
those of Hestrin-Lerner & Shapiro (1954) who found that most of the glucose 
was accounted for by an unidentified metabolite which was apparently not 
lactic acid. The basis for this conclusion by Hestrin-Lerner & Shapiro is not 
clear, as most of the properties which they have ascribed to the unidentified 
compound are those of lactic acid. The experimental conditions of Hestrin- 
Lerner & Shapiro were certainly less favourable as regards oxygen supply, for 
example the inner fluid was not oxygenated, and under these conditions an 
even greater amount of lactic acid would appear than we have found in 
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aerobic conditions. The amounts of lactic acid which we have found are com- 
parable with those found by Wilson & Wiseman (1954a) in intestinal sacs. 
Hestrin-Lerner & Shapiro have also claimed that only a negligible quantity 
(less than 3%) of the glucose which disappears could be accounted for as 
carbon dioxide. Our results show that up to 25% of the glucose lost can be 
accounted for as carbon dioxide. : 

As regards the formation of substances other than lactic acid and carbon 
dioxide, we have found evidence of a small formation of some keto acid, but 
we have not been able to obtain any spot on a chromatogram which indicated 
that any substance other than glucose was present in greater quantities than 
lactic acid. While Hestrin-Lerner & Shapiro have isolated a spot on the chroma- 
togram in support of their view, no evidence is offered that this spot is not due 
to lactic acid. Our results, therefore, do not support the theory that glucose is 
absorbed from the intestine in the form of a substance which is not either 
glucose or lactic acid. It should also be remembered that the work of Fisher 
& Parsons (1950) and of Wiseman (1953) shows that some of the glucose dis- 
appearing from the inner fluid appears as glucose in the outer fluid. 

The possibility remains that the theory of Hestrin-Lerner & Shapiro is 
partly correct, with the modification that their unidentified substance is lactic 
acid as suggested by Wilson & Wiseman (1954a). The results obtained here 
partly support the view that some of the glucose may be absorbed as lactic acid, 
but they are not conclusive. They certainly show that lactic acid is formed 
chiefly in the mucosa and appears mainly on the serosal side. The main criti- 
cism of the view that glucose may be absorbed partly as lactic acid is the 
possibility that the formation of lactic acid may be an artifact in the in vitro 
intestine due to inadequate supply of oxygen. While Wilson & Wiseman (1954a) 


- have partly answered this criticism, some doubt must still remain, which can 


only be settled by in vivo experiments. 


SUMMARY 


1. During the transfer of glucose by the in vitro intestinal preparation 
50-70% of the glucose which disappears can be accounted for as either lactic 
acid or carbon dioxide. . ae 

2. About 50% of the metabolic carbon dioxide obtained from the in vitro 
intestinal preparation is derived from added glucose, the remainder presum- 
ably being from other substrates present in the wall of the intestine. 

3. The site of formation of lactic acid during transfer of glucose is the 
intestinal mucosa, but the lactic acid appears in greater concentration in the 
fluid on the serosal side of the intestine. 

4. The results are discussed in relation to absorption of glucose by the 
intestine. | 


> 
+ 
3 
ia 
igs 
4 
i 
hug 
Be 
AP 


GLUCOSE ABSORPTION 11 


Part of the expenses of this work were defrayed by grants from the Medical Research Council 
and from the Medical Research Fund of the University of Sheffield. One of us (B.C. W.) is 
indebted to the Medica] Research Council for a Studentship. 

We are indebted to Mrs M. R. Snowden and Miss Hazel Moakes for valuable technical assistance 
and to Mr J. W. Hatfield for the construction of the glass apparatus and for many valuable 


suggestions in its design, 


REFERENCES 


Davison, M. (1952). Studies i in 1 the metabolism of acetate and fluoroacetate in : ‘saad tissues. 
Ph.D. Thesis, University of Sheffield. 

Dickgns, F. & Weit-MatHerss, H. (1941). The metabolism of intestinal mucous membrane, 
Biochem. J, 35, 7-15. 

i H. (1954). The estimation of lactic acid with ceric sulphate. Biochem. J. 

Evans, C. L., Tsa1, C. & Youna, F. G. (1931). The behaviour of liver glycogen in experimental 
animals, Physiol. 73, 67-79. ey 

Fisner, R. B. & Parsons, D. 8. (1950). Glucose absorption from survi rat small intestine. 
J. Physiol, 110, 281-293. 

Hestrin-Lzerner, 8. & Sapiro, B. (1954), Absorption of glucose from the intestine. Biochim. 
biophys. acta, 13, 54-60. 

KornserG, H. L., Davins, R. E. & Woop, D. R. (1952), The metabolism of #4C-labelled bicar- 
bonate in the cat, Biochem. J. 51, 351-357. 

H. = tiber den Stoffwechsel der Aminosduren in. Tierkérper. 

91-227 
gs A. & Somoeyi, M. (1933). Copper iodometric tangent for sugar determinations. 

J. biol. Chem. 100, 695-713, 

Smytu, D. H. & Taytor, C. B. (1954). Transport of water and other substances through the 
intestinal wall. J. Physiol. 126, 42 P. 

Smytu, D. H. & aay B. C. (1953). Apparatus for the in vitro study of intestinal absorption. 
J. Physiol. 121, 2 

Van D. D., J. & J. R. (1951). Reagents for the Van Slyke—Folch wet 
carbon combustion. J. biol. Chem, 191, 299-304. 

Virrori0, P., Krorxov, G. & Rezp, G. B. (1950). Labelling in the glucose deposited as starch 
during photosynthesis. Proc. Soc. exp. Biol., N.Y., 74, 775-776. 

Wuson, T. H. (1954). Concentration gradients of lactate, hydrogen and some other ions across 
the intestine in vitro. Biochem. J. 56, 521-527. 

Wuson, T. H. & Wiseman, G. (19544). The use of sacs of everted small intestine for the study of 
the transference of substances from the mucosal to the serosal surface. J. Physiol. 123, 
116-125. 

Witson, T, H. & Wiseman, G. (19546). Metabolic activity of the small intestine of the rat and 
golden hamster (Mesocricetus auratus). J. Physiol. 123, 126-130. 

Wiseman, G. (1953). Absorption of amino-acids using an in vitro technique. J. Physiol. 120, 
63-72. 


beg 
J 
. 
a 
be 
t 
* 
4 
14 
a 
Q 
a 
- 
<4 
) 
24 
4 
i 
7 
~% 
nd 
4 
1% 


12 


J. Physiol. (1955) 129, 12-26 


AN ELECTROMYOGRAPHIC EXAMINATION OF THE ROLE OF 
THE INTERCOSTAL MUSCLES IN BREATHING IN MAN* | 


By E. J. M. CAMPBELL 
From the Department of Physiology, Middlesex Hospital Medical School, W.1 


(Received 2 November 1954) 


The intercostals are thin muscles, almost entirely covered by other muscles. 
There is no movement or action which is known to cause them to contract 
while the other muscles close to them are inactive. They are, therefore, difficult 
to examine electromyographically in the intact human subject because of the 
limitations of both surface and needle electrode techniques. This paper reports 
a series of experiments designed to overcome these difficulties and to establish 
the conditions under which intercostal activity occurs and its probable signifi- 
cance in respiration. © 


METHODS 


Apparatus 

Electromyograph. An Ediswan 4-channel electr hal ph with inkwriters was used. 
The surface electrodes were shallow cups of silver coated with silver chloride. They were attached 
to the skin as described previously (Campbell & Green, 1953). The concentric needle electrodes 
were made from size 26 dental hypodermic needles and 42 s.w.g. copper wire, enamelled and single- 
silk covered. The wire was cemented into the needle with marco-resin 8.8. 28 C. The shaft of the 
needle was earthed to the input of the electromyograph and the core was connected to one grid 
of the input, the other grid being earthed. The spirometer was a 6 |. water-filled Kendrick model, 
arranged to give a tracing on the electromyograph paper. When the recording paper was stationary 
the respiration trace was ahead of (to the left of) the electromyograph inkwriters by a distance 
which corresponds to 0-12 sec in the published records. 

Apparatus for studying graded voluntary static inspiratory and expiratory pressures. The apparatus 
was essentially the same as that described previously (Campbell & Green, 1953). A differential 
manometer was connected to a side arm on the spirometer mouthpiece. The manometer could be 
set to any given pressure; the subject made an inspiratory (or expiratory) effort and balanced the 
manometer at the required pressure. The.order of performance was randomized and the subject 
did not know what pressure he was exerting. 

Observations were made under the following conditions: quiet breathing; progressively increas- 
ing pulmonary. ventilation produced by rebreathing expired air from the spirometer; graded 
voluntary inspiratory and expiratory pressures; maximum voluntary inspiration and expiration. 
When the effects of increasing pulmonary ventilation due to asphyxia were examined the CO, 
absorber was removed from the spirometer circuit. Ventilation rates up to about 60 1./min due to 


* Part of a thesis accepted for the Doctorate of Philosophy by the University of London. 
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CO, accumulation plus anoxia were produced in this way. Higher levels of ventilation were 
produced voluntarily. When the subjects were accustomed to the procedure they could produce a 
smooth progressive increase in ventilation (first involuntarily and then voluntarily) up to rates of 
over 100 1./min, The resistance of the apparatus was found to be without effect on the results even 
at high ventilation rates. 


RESULTS 
Examination of normal young male subjects with surface electrodes 


Preliminary observations were made on two subjects from whom records were 
taken from the first eight intercostal spaces at many sites anteriorly and in the 
axilla. The findings were as follows: 

(a) The records obtained from the second, third and fourth intercostal 
spaces resembled each other. | 

(b) The records obtained from the sixth, seventh and eighth intercostal 
spaces resembled each other. 

(c) Activity was recorded from the first and fifth intercostal spaces during 
a large number of manoeuvres. Interpretation of the records was difficult 
because at both sites there are several muscles close to each other. 

As a result of these findings three more subjects were studied from whom 
recordings were taken from the following sites: The third intercostal space 
anteriorly. A pair of electrodes 4-5 cm apart was placed with the medial elec- 
trode 3-6 cm from the midline. At this site the only muscles covering the 
intercostals are the pectoralis major and minor. The siath or seventh space 
antero-laterally. A pair of electrodes 4-5 cm apart was placed straddling the 
anterior axillary line, the medial electrode being 12-13 cm from the midline 
and 6-7 cm obliquely up the intercostal space from the costal margin. At this 
site the only muscle covering the intercostals is the external oblique. 
_ All the manoeuvres described in the section on methods were performed. 
A simultaneous recording from the external oblique muscle in the abdomen 
_ was also taken to enable the contribution of the external oblique to the electro- 
myogram recorded over the intercostal space to be assessed. 

The findings in the two preliminary subjects and the three subsequently 
examined will be described together. — 


The third intercostal space 
__ The only significant respiratory activity recorded from this site was at the 
end of a deep inspiration (Fig. 1); it was associated with increased tautness of 
the axillary fold and therefore probably arose in the pectoralis major. During 
eraded inspiratory and expiratory efforts and during increased pulmonary 
ventilation activity was only recorded at very high levels (Figs. 1 and 2), 

The possible reasons for the failure to record significant respiratory activity 
in the upper intercostal spaces is discussed later. 
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Respiratory activity was much greater at these sites and the findings will be 
presented in more detail. 

During quiet breathing and increased pulmonary ventilation (Fig. 1). Activity 
during inspiration was detected during quiet breathing in one subject, at | 
ventilation rates of 24, 24-5 and 27 1./min in three. In the remaining subject 
no inspiratory activity was detected up to a ventilation rate of over 100 1./min. 


31.C.$ 


Fig. 1. The effects of increased pulmonary ventilation. Records taken with surface electrodes. 
Inspiration upwards. The subject rebreathed from a spirometer with no CO, absorber in the 
circuit. In the upper tracing the ventilation rate was 40 L/min and in the lower tracing 
50-55 L/min. 3 1.C.8.—3rd intercostal space. Activity only present towards the end of the 
deep inspiration (tidal volume 3-265 1.) in the lower tracing. 7 1.C.8.—7th intercostal space. 
Definite inspiratory activity but no expiratory activity in both tracings. E.0.—external 
oblique (recorded from the abdominal wall). Definite expiratory activity but no inspiratory 
activity in both tracings. 

No activity was detected over the external oblique in the abdominal wall during 

inspiration. Activity during expiration was not detected in quiet breathing. 

During increased pulmonary ventilation expiratory activity appeared in the 

intercostal record of the five subjects at the following ventilation rates: 92, 69, 

80, 67 and 691./min. As expiratory activity always appeared in the external 

oblique at lower ventilation rates, the expiratory activity recorded over the 

intercostal spaces cannot ” attributed to the intercostal muscles on this 

evidence. 
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During graded voluntary static inspiratory efforts (Fig. 2). Definite activity 
was recorded during efforts of ~ 10 or —20 cm H,0 (that is during the main- 
tenance of an intra-alveolar pressure 10 or 20 cm H,O below atmospheric). 
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_ Fig. 2. Graded voluntary expiratory and inspiratory efforts. Records taken with surface elec- 
trodes. Each strip of tracing was taken while the subject was maintaining a constant intra- 
alveolar pressure. The pressures are related to atmospheric. 3 1.0.8.—3rd intercostal space. 
Slight activity at the higher pressures during both inspiratory and expiratory efforts. 7 I.C.S. 
—7th intercostal space. During expiratory efforts there was well-marked activity which was 
related in intensity to the magnitude of the pressure developed. The intensity of activity was 
not significantly greater than that recorded from the external oblique. During inspiratory 
efforts there was activity which was significantly greater than that recorded from the 
external oblique. E.0.—External oblique (recorded from the abdominal wall). During — 
expiratory efforts there was marked activity related in intensity to the pressure. During 
inspiratory efforts there was slight activity, not related in intensity to pressure. 


During greater efforts the electrical activity tended to be greater but its in- 
tensity was not as directly related to increasing effort as it was during expira- 
tory efforts. The external oblique was usually inactive during this manoeuvre 
and never showed marked activity. | 
During graded voluntary static expiratory efforts. (Fig. 2). Activity was re- 
corded which showed gradation in intensity directly related to the magnitude 
of the expiratory effort over a range from +10 to +50 cm H,0. The activity 
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was, however, never significantly greater than that recorded from the external 
oblique in 1 the abdomen. 


Further observations during quiet breathing 


The observations reported above were made early in the study. It was 
decided to re-examine the lower intercostal spaces with surface electrodes 
employing minor refinements of electromyographic technique (increased 
amplification, decreased amplifier noise, increased recording paper speed, 
decreased interference from electrocardiogram) designed to give the best 
chance of detecting activity during quiet breathing. The sixth intercostal 
spaces of four young male subjects were examined. Rhythmic inspiratory 
activity was detected in all the subjects. The peak-to-peak amplitude of the 
potential recorded was 3--10uV. 


Observations on women with radical mastectomies 

As described above, no activity was recorded from the upper (second, third, 
fourth) intercostal spaces of young normal male subjects. Five women were, 
therefore, examined in whom either the whole of the pectoral muscles or all the 
muscle below the third rib had been removed. The intercostal spaces were easily 
palpable; only a few millimetres of skin and thin subcutaneous tissues 
separated the electrodes from the intercostal muscles. 

In two of the subjects there was definite inspiratory activity in the upper 
intercostals during quiet breathing, and in two activity was possibly present 
during quiet breathing. In all of them inspiratory activity became definite when 
the pulmonary ventilation was only moderately increased (to about 15 1./min). 

In none of them was there expiratory activity during quiet breathing. Ex- 
piratory activity did not appear during increased pulmonary ventilation until 
there was obvious distress. Two women achieved ventilation rates of over 
50 1./min and 30 1./min respectively with no expiratory activity (Fig. 3). 

In four of them expiratory efforts such as coughing or Valsalva’s manoeuvre 
were associated with definite activity. (The findings in the fifth subject were 
doubtful.) 

The patterns of activity in the upper and lower intercostal spaces were 
similar but the intensity of the recorded activity was greater in the lower 
spaces, the explanation may be that the muscles are thicker or the motor units 
are larger in the lower spaces. This evidence is further discussed later. 


Observations on dyspnoetc patients 


Four patients were studied who were dyspnoeic at rest and showed mintked 
use of the accessory muscles of respiration. They were all very thin and their 
intercostal spaces were easily palpable. (The chest wall of one of them was 
subsequently found to be only 1 cm thick from skin to pleura in the second 
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intercostal space.) Recordings were taken from both the upper (second, third, 
fourth) and lower (sixth, seventh, eighth) spaces in three of them. 

They all showed inspiratory activity but no expiratory activity during quiet 
breathing. The intensity of the activity in the upper spaces was surprisingly 
small when compared with the palpable tautening in the intercostal space that 
occurred during inspiration. This tautening was therefore attributed mainly to 
the elevation of the first rib by the accessory muscles of inspiration. 

It was not possible to obtain satisfactory records during the other respiratory 
manoeuvres. 


21.C.S, 


1 sec 


Fig. 3. Recordings from the intercostal spaces after radical mastectomy. Records taken with 
surface electrodes from the second and fourth intercostal spaces (I.C.8.) of a woman whose 
pectoral muscles had been removed 10 days previously. She rebreathed expired air from the 
spirometer. Inspiration is upwards. The ventilation rate was 53 1./min. There was definite 
inspiratory activity but no detectable expiratory activity. 


The findings already described suggest that the failure to record intercostal 
activity from the upper intercostal spaces of young normal subjects with sur- 
face electrodes may be due to any or all of the following factors: the thickness 
of the overlying tissues; less activity in the intercostal muscles of the upper 
spaces; smaller motor units in the upper spaces. 


Exploration with needle electrodes 

The second and sixth intercostal spaces of one subject were explored with a 
concentric needle electrode. The skin and subcutaneous tissues were anaes- 
thetized with 2% lignocaine hydrochloride (B.P.). The needle was inserted until 
the resistance of the intercostal membrane was passed. Records were then 
taken with various minor adjustments of the position of the needle. Inter- 
costal activity was most readily detected if the needle was first inserted until 
pleuritic pain was felt and then withdrawn slightly. 

Findings in the second intercostal space. No definite inspiratory or expiratory 
activity was detected. It cannot be inferred that the intercostal muscles in 
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this region are entirely inactive because it is difficult to be certain that the 
exploration was adequate. However, the relative ease with which intercostal 
activity was detected in the sixth space and the findings with surface electrodes 
make it probable that the intercostal muscles are less active in the upper than 
in the lower intercostal spaces of young male subjects. 


Surface 
A 50 
' 20 uv 
Needle 50 
20 
-2 
4 
Needle 
“4 
Litre 


Fig. 4. Simultaneous recording with surface and needle electrodes. Localization of the needle 
electrode. Young male subject. A pair of surface electrodes was placed 4-5 cm apart in the 
sixth intercostal space; a concentric needle electrode was inserted midway between the sur- 
face electrodes. In both records the needle electrode was in the intercostal space deep to the 
external oblique. Between the upper and lower tracings the needle was inserted about 2 mm 
deeper into the space. The upper tracing showed intercostal activity in the surface record but 
not in the needle record during an inspiration of 3 1. The lower tracing showed activity in 
the needle record during an inspiration of 0-5 1. This activity was just detectable in the surface 
record. 


Findings in the sixth intercostal space. Fig. 4 shows the influence of the 
position of the needle electrode. In A the needle electrode was deep to the 
intercostal membrane; no activity was detected during an inspiration of 
3 1. although the surface record showed marked activity. Between A and B 
the needle was inserted 1-3 mm further into the intercostal space. B shows 


discernible in the surface record. Fig. 4 thus demonstrates the small range 
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of this type of needle electrode and the difficulty of localizing it in a thin 
muscle. | 

With the electrodes in this intercostal space the only muscles whose activity 
could be recorded are the intercostals and the external oblique. The latter can 
be excluded for the following reasons; first, activity during quiet inspiration 
was only detected by the needle electrode when it was actually in the inter- 
costal space deep to the external oblique; second, the external oblique of this 
subject has been examined many times with both surface and needle electrodes 
and never found to contract during quiet inspiration. 

This experiment, together with the evidence already reported, establishes 
two points: first, the intercostal muscles contract during inspiration in quiet 
or moderately increased breathing in many normal subjects; secondly, their 
activity under these circumstances can be detected by surface electrodes in 
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Fig. 5. Simultaneous recording with surface and needle electrodes. Maximum inspiration and 
expiration. All experimental conditions were the same as in the lower tracings of Fig. 4. 
Surface record. The activity early in inspiration probably came from the intercostals. The 
activity at the end of maximum inspiration and during maximum expiration probably arose 
predominantly in the external oblique. Needle record. There was activity early in the 
maximum inspiration and in the inspiratory phase of the two breaths at the end of the 
record. There was also marked activity during maximum expiration. All this activity 
probably arose in the intercostals. 


lean subjects, provided the electromyogram is of adequate quality. Now, the 
two layers of intercostals are close together and if one of them can be detected 
by surface electrodes it is probable that the other can be also. It follows that 
the absence of activity during expiration in quiet breathing and moderately 
increased pulmonary ventilation (Fig. 6) means that neither intercostal muscle 
was contracting. 

In the experiment from which Figs. 4-6 were taken, adjustments of the 
position of the needle produced no evidence of two layers of muscle working 
reciprocally, This result supports the findings with surface electrodes in all 
the subjects—that there was no intercostal activity during expiration in quiet 
or moderately increased pulmonary ventilation. 

Fig. 5 is a recording from the sixth intercostal space of a maximum inspira- 
tion followed by a maximum expiration. The record taken with surface elec- 
trodes showed activity beginning early in inspiration and gradually increasing 
in intensity until the end of inspiration. The activity remained — 
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the beginning of expiration, when it ceased, to reappear and become marked 


during maximum expiration. As these surface electrodes were over the | 


external oblique muscle as well as the intercostals the activity at the end of 
inspiration and during expiration might be attributed to the contraction of the 


pv 
Needle 
Resp. 


Resp. 


Fig. 6. Simultaneous recording with surface and needle electrodes. Increased pulmonary ventila- 


tion. All the experimental conditions were the same as in the preceding figure. The subject 
rebreathed expired air from the spirometer with no CO, absorber. A. Tidal volume 800 ml. 
Ventilation rate 12 1./min. Definite inspiratory activity in the intercostals detectable in both 
the surface and needle records. B. Tidal volume 2-5 1. Ventilation rate 45 1./min. Inspiratory 


activity increased in both records. C. Tidal volume 3:4 1. Ventilation rate 65 1./min. Separate 


bursts of inspiratory and expiratory activity in both records. All the activity in the needle 

record and the inspiratory activity in the surface record probably arose in the intercostals. 

The expiratory activity in the surface record probably arose in the external oblique. 
external oblique. The activity during the early part of inspiration, however, 
was probably intercostal in origin for the reasons given in the analysis of Fig. 4. 
Activity was also seen towards the end of inspiration in the breaths which 
followed the maximum expiration. Contraction of the external oblique did not 
occur during such breaths in this subject. 
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The record taken with the needle electrode showed slight activity at the 
beginning of inspiration which ceased after about 1 |. of air intake. There was 
then little activity during the rest of the maximum inspiration and the early 
part of expiration. During maximum expiration very marked activity 
developed. This record presents two problems in interpretation. First, why 
did activity cease during the latter part of inspiration? The first possibility 
to be considered is that the needle had been displaced. This suggestion can 
be excluded for a number of reasons: the manoeuvre was repeated several 
times with the same result, and breaths of normal depth following maximum 
expiration showed inspiratory activity as before. The silence in the needle 
record at the end of inspiration was, therefore, probably due to cessation of 
activity in the motor units near the tip of the electrode. It was probably not 
due to relaxation of the whole intercostal muscle because, as is shown by 
Figs. 4 and 6, surface electrodes detect intercostal activity throughout inspira- 
tions of up to 3 1. in depth. No evidence was found in this or other experiments 
that the cessation of activity in late inspiration is of general occurrence. It, 
however, facilitated the interpretation of this particular experiment. 

The second problem presented by the needle electromyogram in Fig. 5 is the 
origin of the marked activity during maximum expiration. It was almost 
certainly intercostal because there was no evidence that the needle had been 
displaced from the intercostal space. The view that the expiratory activity 
recorded by the needle electrode was due to spread from the external oblique, 
which was contracting forcibly, must be considered but is unlikely because the 
activity in the needle record was too great to be due to units more than a few 
mm away. Nor was the activity in the external oblique at the end of maximum 
inspiration detected by the needle electrode, as it would have been if the 
expiratory activity was due to spread from this muscle. 

Fig. 6 was obtained immediately before Fig. 5. It shows the changes that 
occurred during progressively increasing pulmonary ventilation. A was taken 
immediately after the beginning of the experiment; the tidal volume was 
800 ml. and the ventilation rate 121./min. The conditions were therefore 
practically those of quiet breathing. Both the surface and needle records show 
activity during inspiration but not during expiration. The external oblique of 
this subject has been examined many times and no activity was ever detected 
during quiet breathing in this posture. This fact, together with the evidence 
of Fig. 4, proves that the inspiratory activity recorded in Fig. 6 arose in the 
intercostal muscles. 

During B the tidal volume was 2-51. and the ventilation rate 45 1./min. 
There was more intense activity in both the surface and needle records during 
inspiration. The activity detected by the needle, however, ceased towards the 
end of inspiration. This point has been discussed in the analysis of Fig. 5. 
The needle record showed no activity during expiration, but the surface record 
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showed activity towards the end of expiration which probably arose in the — 
external oblique. During C the tidal volume was 3-4 I. and the ventilation rate — 
65 1./min. Activity appeared in the needle record towards.the end of expira- 


. tion. The evidence of Fig. 5 makes it probable that this activity arose in the 


intercostal muscles. 
- On repetition of the experiment from which Fig. 6 was taken, the ventilation 
rates at which expiratory activity appeared in the surface record were: 37, 45, 
54 and 48 1./min, and in the needle record: 38, 60, 61-5 and 63 1./min. 

Summary of the findings with the needle electrode. The intercostal muscles 
contracted during the inspiratory phase of quiet breathing. They contracted 
during voluntary maximum expiration. During increased ventilation they did 
not contract in the expiratory phase until the ventilation rate reached 
50-60 1./min. 

The effects of posture 

The electromyograms obtained with surface electrodes from the upper 
and lower intercostal spaces were compared in the supine and erect postures 
(Fig. 7). Four subjects were examined during quiet breathing and increased 
pulmonary ventilation. 

No significant activity was detected in the second, mara or fourth spaces of | 


any subject in either posture. 


Two subjects showed a definite increase in the inspiratory activity of the 
lower intercostals in the erect posture; in the other two subjects posture had no 
effect. Expiratory activity was not detected over the lower spaces during quiet 
breathing; during increased pulmonary ventilation it was always less than 
that recorded from the main mass of the external oblique. 


DISCUSSION 
For an adequate understanding of the physiology of the intercostals data of 


three kinds are needed: first, on the mechanical action of the muscles on the _ 


ribs; secondly, on the respiratory function of the muscles, i.e. whether they are 
inspiratory, expiratory or both; thirdly, on the circumstances in which they 
contract in the intact organism. For example, it is not justifiable to conclude 
that because one or other intercostal muscle when contracting in isolation 
raises the lower rib to which it is attached, it can, therefore, only be a muscle 
of inspiration. Conversely, the observation that one or other intercostal muscle 
contracts during inspiration in quiet breathing does not prove that the muscle | 
is inspiratory in function (i.e. causes the intake of air into the lungs), and it 
does not prove that the action of the muscle is to raise the lower rib to which it | 
is attached. It is possible that the intercostal contraction merely increases the 
tension of the intercostal tissues. 
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_ Fig. 7. The effects of posture. Records taken from the second, fifth and seventh intercostal spaces 


(I.C.8.) and from the external oblique (E.0.) in the abdomen. The subject breathed quietly 
with no respiratory apparatus. Phases of respiration were signalled by the observer. Upper 
tracings. Subject supine. No definite activity present at any site. Possible slight inspiratory 
activity in the fifth and seventh spaces. Lower tracings. Subject standing at ease. Definite 
inspiratory activity in the intercostals of fifth and seventh spaces. No other activity in any 
of the records. 


The actions and functions of the intercostal muscles have been a subject of 
controversy throughout medical history. Beau & Maissiat (1843) listed seven 
distinct theories, and a review of modern standard works of anatomy shows 
that there is still no uniformity of teaching. The most widely held view appears 
to be that associated with the names of Bayle and Hamberger which maintains 
that the external intercostals and the interchondral portion of the internal 
intercostals are inspiratory in function, while the interosseous portion of the 
internal intercostals is expiratory. Electrical recordings from the intercostal 
nerves (Bronk & Ferguson, 1935) and muscles (Anderson & Lindsley, 1935) in 
anaesthetized cats showed that the phasic behaviour of these muscles was in 
accord with Hamberger’s theory. Gesell (1936) examined dogs electromyo- 
graphically and found that though the usual pattern was in accord with the 
theory there were numerous individual variations and discordant findings. 
Chennells (personal communication) who made many electromyographie ob- 
servations on the intercostals of the cat, rabbit and rat, found that the usual 
pattern was in accord with the theory but exceptions were common. The 
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non-electrophysiological studies of the last eighty years are even more equivocal 
and in a critical review, Campbell (1954) concluded that there was inadequate 
evidence from which the functions of the muscles could be deduced. 

It is tempting to dismiss the intercostals as being too small and thin to 
be capable of any significant function, but against this view must be set the 
following observations. 

They have a relatively good mechanical advantage about the rib axes. This 
observation is more significant when the poor mechanical advantage possessed 
by many limb muscles is remembered. 

_ From an examination of the older German anatomical literature, Otis, Fenn 
& Rahn (1950) concluded that the intercostals were mechanically capable of 
producing very high levels of pulmonary ventilation. Fick (1923) estimated 
that the scaleni were potentially only one-fifth as effective respiratory muscles 
as the intercostals. 

Duchenne (1867) obtained movements of the thoracic cage as a result of 
faradic stimulation of the intercostal muscles in man. He did not, however, 
give sufficient details of the localization of the response. 

Alexander (1929), Cetrangolo (1930) and Joly & Vincent (1937) showed that 
destruction of all the intercostal nerves on one side (in the treatment of pul- 
monary tuberculosis) reduced the amplitude of the rib movements in breaths 
of normal depth. Lemon (1928) concluded from a thorough study of the rela- 
tions between the different groups of respiratory muscles that ‘there is only 
one procedure that consistently alters the...outward movement of the... 
costal margin: paralysis of the intercostal muscles on one side’. 

It has been shown in the present study that during quiet breathing the inter- 
costals contract only during inspiration. This observation taken in conjunc- 
tion with the evidence of Alexander (1929), Cetrangolo (1930), Joly & Vincent 
(1937), is very suggestive that the intercostals are inspiratory in function during 
quiet breathing. I have observed inspiratory contraction of the intercostals and 
expansion of the lower chest in a young man with a paralysed diaphragm 
and whose abdominal muscles were inactive. This last finding suggests that 
when the intercostals act in isolation they are inspiratory in function. 

There remains the possibility that the intercostals are also expiratory in 
function. From the findings in the present study it seems unlikely that they 
have any expiratory function during involuntary breathing but they probably 
contract strongly during voluntary expiratory efforts and in such manoeuvres 
as coughing. The present study has provided no evidence in support of the 
view that the internal and external intercostals have antagonistic actions, and 
the findings with the needle electrode are opposed to such a conclusion. 
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SUMMARY 


1. The intercostal muscles were examined electromyographically using 
otal electrodes in healthy young men, in women after radical mastectomy, 
and in dyspnoeic patients. The intercostal muscles of one young man were 
examined simultaneously with surface and needle electrodes. 

2. They were found to contract in the lower (sixth, seventh, eighth) inter- 
costal spaces of most subjects in 1 inspiration during quiet or slightly increased 
pulmonary ventilation. 

3. They did not contract during expiration in quiet breathing or consider- 


able hyperpnoea. In these circumstances they were less active than the muscles 


of the abdominal wall. 

4. They contracted during voluntary expiratory efforts. 

5. Their activity was more difficult to detect in the upper (second, third, 
fourth) than in the lower (sixth, seventh, eighth) intercostal spaces. This 
difference may have been due to any or all of the following factors: the greater 
depth from the surface of the skin to the muscles in the upper spaces; less 
activity in the intercostal muscles of the upper spaces; smaller motor units in 
the intercostal muscles of the upper spaces. 

6. In some subjects the inspiratory contraction of the lower intercostal 
muscles was increased in the erect posture. 

7. No data were obtained which supported the distinctions often made 
between the actions of the external and internal intercostals. _ 

8. A review of the literature did not yield adequate evidence from which the 
functions of these muscles could be inferred with certainty. It is suggested that 
during involuntary breathing they are inspiratory in function, but they pro- 
bably facilitate voluntary expiratory efforts and such activities as coughing. 
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_ OBSERVATIONS ON THE INTRACELLULAR GRANULES 
OF THE ADRENAL MEDULLA | 


By H. BLASCHKO, P. HAGEN anp A. D. WELCH 
From the Department of Pharmacology, University of Ozford 


(Received 29 November 1954) 


At a meeting of the British Pharmacological Society in January 1953 a report 
was made of the observation that in homogenates of the bovine adrenal medulla 
the bulk of the pressor activity was to be found in a fraction of granules with 
sedimentation properties similar to those of mitochondria (see also Welch & 
Blaschko, 1953). | 

Our observations began with an attempt to obtain homogenates of chromaf- 
fine tissue from which the pressor activity had been largely eliminated, in 
order to study more satisfactorily those enzyme systems concerned with the 
biosynthesis of noradrenaline and adrenaline. Aqueous solutions of adrenaline 
were quickly freed of their pressor activity by dialysis against a prepara- 
tion of mushroom polyphenol oxidase, but the pressor activity of homogenates 
of bovine adrenal medulla was reduced only very slowly by this procedure. 
Thus, the presence in these homogenates of diffusion barriers which held back 
a major fraction of the pressor amines was suggested. 

Accordingly, it was decided to study the distribution of adrenaline (and 
noradrenaline) in the chromaffine tissue by the use of differential centrifuga- 
tion. The technique permits fairly well-defined fractions of cytoplasmic con- 
stituents to be obtained. When certain precautions are observed, for example, 
the use of low temperatures and of non-electrolyte media (such as sucrose 
solutions), separation of the fractions is made easier. Differential centrifuga- 
tion had previously been found useful in this laboratory in the study of the 
intracellular localization of amine oxidase (Hawkins, 1952). 

Most of the work to be reported here was carried out on the adrenal medulla 
of the ox. This species was chosen for two reasons: first, the size of the gland 
and the relatively defined boundary line made it easy to separate medulla from 
cortex, and secondly, the bovine medulla was known to contain L-DOPA- 
decarboxylase (Langemann, 1951), an enzyme which forms from an inactive - 
precursor a catechol amine with pressor activity. 
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MATERIAL AND METHODS 


Adrenal glands were obtained from freshly killed animals at the slaughterhouse and rapidly 
dissected. Although the time that elapsed between the death of the animal and the preparation 
of the homogenates was not always recorded, usually the glands were dissected in the laboratory 
between about 30 and 70 min after death. | 

The medullary tissue was weighed and rapidly cut into smaller pieces; it was then dispersed in 
a previously chilled, glass homogenizer. Ice-cold solutions of sucrose were used, and all subsequent 
operations were carried out at as near 0° C as was possible. Unless otherwise stated, the final 
volume of the homogenate was so adjusted that each ml. of the suspension corresponded to 0-1 g 
of fresh tissue. 

The centrifugation procedure was not the same throughout and will be described below. In 
most experiments an MSE refrigerated centrifuge was used; this instrument has a ‘superspeed 
angle-head’ attachment. In some of the later experiments, in which the ‘small granule’ fraction 
was sedimented separately, a SPINCO preparative ultracentrifuge was employed. The gravitational 
forces attained are reported in terms of g at the bottom of the centrifuge tube. 

Pressor activity of the fractions was determined on the arterial blood pressure of the spinal cat. 
All assays were in terms of { — )-adrenaline (base), For the determination of the total pressor 
activity of a fraction, an equal volume of n-HCl was added and the sample (usually the volume 
was 2 ml.) was frozen at — 12° C. In this condition, it could be stored; but even when the assays 
were to be carried out immediately afterwards, the samples were first frozen, in order to ensure 
uniformity of treatment. Before the assay, the samples were thawed, and one-half volume of 
sodium phosphate buffer (0-067 m) of pH 7-4 was added. The sample was then carefully neutralized 
with n-NaOH, using bromothymol blue as an external indicator. A green colour was taken as the 
end-point; this was usually reached with slightly less than one volume of alkali; the total volume 
was then brought up to four times the volume of the original sample by adding a little more 
phosphate buffer. 

- The determination of protein nitrogen content was carried out on some of the fractions; a 
volume of 1-4 ml. was used for each determination. In order to remove the relatively large 
amounts of non-protein nitrogenous material, e.g. adrenaline, the following washing procedure 
was adopted: 10 ml. of 12% (w/v) trichloroacetic acid was added to the sample. The mixture was 
centrifuged at 2500 rev/min for 30-60 min in order to obtain a firm sediment. The supernatant 
fluid was sucked off and the precipitate was resuspended in 10 ml. of trichloroacetic acid (12%). 
The centrifugation was repeated and the supernatant fluid removed as before. The precipitate was 
then suspended in 2-0 ml. of 0-5 n-NaOH and transferred to micro-Kjeldahl flasks, Otherwise, the 
method did not differ from that routinely used in this laboratory (see Hawkins, 1952). Means of 
q duplicate determinations are given in the tables. The protein values were obtained from those for 
y the protein nitrogen by multiplication by 6-26. 


i 


EXPERIMENTAL 
1 Distribution of pressor activity in sucrose homogenates of chromaffine tissue 
The principle of the procedure employed throughout these experiments has 
remained unchanged, but certain modifications of detail have been introduced. 
A 1 in 10 homogenate of medullary tissue was prepared in ice-cold sucrose 
solution ; the resulting homogenate was then freed of incompletely fragmented 
cells, of fibrous tissue and of red corpuscles by low-speed centrifugation. 
A low-speed supernatant fluid was thus obtained, an acidified sample of which 
was kept for assay; the remainder was centrifuged at high speed. The super- 
natant fluid was decanted; we sediment was resuspended, usually in the 


rh 
~ 


ADRENAL MEDULLA-INTRACELLULAR GRANULES 29 


original volume of fluid, so that 1-0 ml. of each fraction was considered as 
derived from 0-1 g of fresh tissue. Acidified samples of the high-speed super- 
natant fluid and of the resuspended high-speed sediment were retained for 
assay. | 

_ In the earlier experiments of this series, our principal aim was to ensure 
complete removal of large cellular fragments. For this reason, the preliminary 
low-speed centrifugation was at 950g for 30 min which is rather longer than is 
usual in the separation of cytoplasmic granules. One experiment of this kind 
has already been described (Blaschko & Welch, 1953). This procedure. was 
maintained throughout the experiments which form the basis of Tables 1-3. 


Tape 1. Pressor activity of fractions obtained from homogenates of bovine adrenal 
medulla in 0-25 M-sucrose 


(The high-speed centrifugations were at 22,000g for 30 min. Pressor activity in terms of yg 
( —)-adrenaline per mI! of fraction. The percentages (figures in parentheses) refer to the fraction 
from which the sample is derived, i.e. in columns B and C to column A, and in columns D and # 


to 0.) 
| Ist high-speed 2nd high-speed 
-Low-speed Resuspended 
‘supernatant Supernatant sediment Supernatant sediment 
A B 0 D E 
720 135 (19) 520 (72) 20 (4) 600 (115) 
1100 260 (24) 800 (73) 40 (5) 730 (91) 
960 270 (28) 600 (63) 25 (4) 500 (83) se. 
800 80 (10) 720 (90). 80 (11) — 
640 160 (25) 530 (83) 40 (8) 530 (100) 
640 140 (22) 400 (63) ~~ — — 
1000 230 (23) 800 (80) 40 (5) 800 (100) 
800 170 (21) 520 (65) — = 
625 130 (21) 500 (80) 
620 100 (16) 450 (73) 
840 255 (30) 670 (80) — oa 
Mean 22 74 6 98 
percentages 


In the low-speed centrifugation some fibrous tissue and some greyish-purple 
coloured debris settled at the bottom of the centrifuge tube; on top of this 
layer a bright-red band of red blood cells was seen, and on top of this a narrow 
yellowish white layer which presumably was composed mainly of nuclei. The 
supernatant fluid, when inspected under the microscope, was essentially free 
of nuclei; it consisted of masses of finely granular material, partly clumped 
together, but for the most part dispersed and exhibiting Brownian movement. 

The supernatant fluid obtained by low-speed centrifugation was re-centri- 
fuged at higher speed; in the experiments summarized in Table 1, this centri- 
fugation was for 30 min at 22,000g. The sucrose concentration was either 
0:25 m (Table 1) or 0-88 M. The appearance of the supernatant fluid differed in 
these two media. In 0-25 m-sucrose it was almost clear, while in 0-88 M-sucrose 
it was opaque. This suggested that in 0-25 M-sucrose sedimentation of the 
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‘microsomes’ was largely complete, whereas in the hypertonic medium (0-88 m- 


sucrose) they had remained in suspension. 


In the earlier experiments, the sediment was resuspended by gently rubbing 
it in the centrifuge tube, using a glass rod with a ball-shaped end; the suspen- 
sion was filtered through a small plug of cotton-wool. In later experiments, 
the sediment was resuspended by agitation in a glass-stoppered measuring 
cylinder and the filtration through cotton-wool was omitted. 

In both media most of the pressor activity had been sedimented by high- 
speed centrifugation. Table 1 shows that an average of 22% remained in the 
supernatant fiuid and that 74% was recovered in the sediment. This result 
indicates that the two fractions accounted for the total pressor amine content 
of the low-speed supernatant from which they were derived. 

In five of the experiments of Table 1 the resuspended high-speed sediments 
were again centrifuged for 30 min at 22,0009. Assays of the supernatant fluids 
and resedimented particles showed that only a very small fraction, about 6%, 
of the total pressor amine content, was present in the supernatant fraction. 
The remainder was again recovered in the sediment. 

In the hypertonic medium (0-88 m-sucrose) the distribution of pressor activity 
between sediment and supernatant was similar to that observed with 0-25 m- 
sucrose, with a mean recovery of 80% of the total adrenaline in the high-speed 
sediment. This indicated that the small granules of the ‘microsome’ fraction, 
which remained suspended in the hypertonic medium, did not contain a signi- 
ficant part of the total adrenaline-like material. This conclusion was confirmed 
in experiments which will be described below. 

Table 2 summarizes the results of more recent experiments in which two 
changes were introduced. First, the concentration of the sucrose medium was 
0-32 m, which is more nearly isotonic with ‘ physiological’ media and, secondly, 
duration and force of the high-speed centrifugation were reduced, in order to 
ensure that the bulk of the ‘microsome’ fraction remained suspended in the 
supernatant fluid. Table 2 shows that centrifugation in 0-32 m-sucrose for 
20 min at 11,0009 gave a distribution of adrenaline-like activity very similar 
to that found in the experiments shown in Table 1. 

The results of these experiments can be summarized in the following manner: 
in homogenates of the bovine adrenal medulla in ice-cold sucrose about three- 
quarters of the total pressor activity was contained in a granular fraction; 
these granules, when resuspended in an appropriate ice-cold solution of sucrose, 
gave up only a very small fraction of their amine content, and most of the 
activity again could be sedimented by high-speed centrifugation. 

Observations on sheep glands. Three similar fractionations were carried out 
on the medullae from sheep suprarenal glands; these glands came from 
animals which had been used in experiments at the Nuffield Institute for 
Medical Research. The medullae were separated and homogenized in 0-25 m- 
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sucrose. The results are shown in Table 3 with the approximate time after 
death at which each gland was dissected. Although in the first two experiments 
considerable pressor amine was found in the supernatant, in the last experi- 
ment where the glands were removed immediately after death the distribution 


of pressor activity between high-speed supernatant and resuspended sediment 


was similar to that usually found in homogenates of the bovine medulla. 


TaBLE 2, Pressor amine contents of fractions derived from bovine medullary homogenates 
in 0-32 m-sucrose 
(High-speed centrifugation for 20 min at 11,000g. Activity in yg adrenaline per ml. of fraction. 
Percentages in parentheses.) 


High-speed 
Low-speed Resuspended 
supernatant Supernatant sediment 
A B 
560 (23) 1445 (60) 
510 125 (25) 460 (90) 
560 50 (9) 535 (95) 
860 245 (28) 640 (75) 
680 130 (19) 435 (64) 
865 240 (28) 490 (57) 
1600 225 (14) 570 (36) 
855 255 (30) 670 (78) 
1200 340 (28) 865 (72) 
1000 220 (22) 730 (73) 
1280 435 (34) 1360 (106) 
920 260 (28) 655 (71) 
920 220 (24) 960 (104) 
Mean percentages 24 76 


TaBxe 3. Distribution of pressor activity in homogenates of sheep suprarenal medulla 
in 0-25 M-sucrose 


A 
Low-speed 
supernatant Supernatant sediment 
Expt. Time after killing (ug/ml.) (mg/ml) 
1 Over 1 hr 500 390 90 
2R Approx. 1 hr 550 265 290 
2L Approx. 1 hr 580 250 260 
3 U 20 min 1120 280 935 


These results indicate that the post-mortem changes tended to dissociate the 
adrenaline from the granules. It appears that in the sheep these changes 
occurred more rapidly than in the ox. 


Pressor amines in ‘large’ and ‘small’ granule fractions 

In order to obtain direct information on the pressor amine content of the 
microsome, or ‘small’ granule fraction, we have carried the centrifugation 
procedure a step further. A scheme of the procedure adopted is shown in 
Table 4. In these experiments the homogenate and the low-speed supernatant 
were prepared as described before, and the latter was centrifuged at 11,0009 
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for 20 min. It was assumed that most of the microsomes were present in the 
supernatant fluid, but that some possibly had been sedimented with those 
particles resembling mitochondria in sedimentation properties. Accordingly, 
the resuspended. sediment was recentrifuged for 20 min at 11,000g and the 
sediment retained as the ‘large granule’ fraction. The supernatant from this 


Tasiz 4, Scheme of centrifugation for obtaining ‘small’ and ‘large’ granule fractions 
of homogenates from the bovine suprarenal medulla 


1 in 10 homogenate in 0-32 m-sucrose 


centrifugation at 950g for 30 min 
sediment Low-speed supernatant. Fraction (1) 
centrifugation at 11 10009 for 20 min 
First sediment re- First 
ened re-centrifugation supernatant 


at 11,000g for 20 min 


ded ‘ granule’ Supernatant Centrifuged at. 


Fraction (2) |  100,000g for 
30 min 
Centrifuged at 
100,000g for 
30 min 
| | 
| | (Pooled) | 
Final Resuspended Final 
_ Fraction (5) ‘Small granule’ supernatant 
Fraction (3) Fraction (4) 


centrifugation was centrifuged, as was that from the first high-speed centrifu- 
gation, in the SPINCO centrifuge at 100,000g for 30 min. The sediments from 
these runs were resuspended together, but the supernatant fluids were kept 
separate. Of these different fractions, the following were examined for pressor 
amine content: (1) the low-speed supernatant, (2) the ‘large granule’ fraction, 
(3) the ‘small granule’ fraction, (4) the final supernatant fluid and, (5) the final 
washings. The sum of the pressor amine content of fractions (2) to (5) inclusive 
should account for that of fraction (1). 

One complete experiment of this kind has been carried out on a 1 in 10 
bovine homogenate in 0:32 m-sucrose. The result of the assays is shown in 
Table 5. It can be seen that 96% of the total pressor amine content of frac- 
tion (1) was accounted for. The bulk of the amine content was in the large 
granules; the small granules contained only 5% of the total activity. 
Determination of volume of sediment.. In the experiments described in this 
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paragraph data on the concentration of pressor amines (expressed as adrenaline) 
in the granules have been calculated. This calculation was based upon an 
estimate of the volume of sas together with a select: of the 
pressor activity. 


TaBLE 5, Distribution of pressor activity in fractions of bovine medullary ress 
(Expt. no. 84) 


(Fractionation procedure as outlined in Table 4. a 
(-)-adrenaline per ml. of fraction. Sucrose concentration: 0-32 m.) 


pg/ml. % of (1) 
1170 
840 72 

5 
200 17 
20 2 


5 cm: 


bed 
~ 1. Chondrioorit vessel for determination of granular volume. 


For these experiments a glass vessel was used which in the following will be 
called a ‘chondriocrit’. It was made by Mr A. Leemans of the Oxford Univer- 
sity Glassblowing Unit. The shape of the instrument is shown in Fig. 1. The 
vessel had a total capacity of about 1-5 ml.; it ended in a capillary made of 


— — precision bore capillary of 2 mm internal diameter; the bottom 
PHYSIO. CXXIX 
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of the capillary was flat. The instrument fitted into the high-speed attachment 
of the MSE centrifuge. It was filled with a resuspended sediment from high- 
speed centrifugation and centrifuged until the granules had settled at the 
bottom of the capillary. The upper level of the sediment was then read. Since 
the diameter of the capillary was known, a figure of the volume of the layer of 
granules could thus be obtained. The adrenaline content of the whole suspen- 
sion was also determined. In this way estimates of the adrenaline concentra- 
tion in the layer of granules was obtained; these are shown in Table 6. This 
determination gave figures which must be lower than the true values. In the 
calculation it was assumed that the entire volume of the sedimented granules 
was space in which adrenaline was dissolved. Even so, the figures given in 
Table 6 for the apparent adrenaline content are very high. __ 


Tasiz 6. Adrenaline concentration in medullary granules 


(Determination of granular volume by use of the chondriocrit. Centrifugation as for — 
of Tables 1 and 2.) 


Adrenaline molar 
Sucrose concentration concentration 
0-25 m 0-14 
0-25 0-20 
0-25 Mm 0-11 
0-32 m 0-19 
0-32 m 0-29 


‘Top’ and ‘bottom’ layers. Inspection of the sedimented ‘large granule’ 
fraction showed that it consisted of two layers. The bottom layer appeared 
brown and more closely packed ; the top layer had a yellowish white appearance. 
Often a distinct boundary line was seen between the two zones; this was also 
seen in the chondriocrit tubes. 

In order to obtain enough material for an examination of these layers, a 
1 in 10 homogenate of bovine medullary tissue in 0-32 m-sucrose was made as 
before and from it a high-speed sediment was prepared (see Table 4). This 
sediment was resuspended in a small volume of 0-32 m-sucrose, just enough to 
collect the sediments of all the six centrifuge tubes of the superspeed angle 
head centrifuge into two tubes. These two tubes, each containing 5 ml. of 
fluid, were re-centrifuged at 11,0009 for 30 min. The supernatant fluid was then 
carefully removed by suction and the sides of the tubes were dried with filter 
paper. The top layer was removed with a Pasteur pipette; the bottom layer 
could then be similarly collected. The collected layers were well stirred, and 
weighed samples were taken, for determination of dry weight, for adrenaline 
assay and, in a number of experiments, for determination of protein nitrogen 
and of succinoxidase activity. 

Table 7 contains the results of the adrenaline assays of the two layers, as 
well as data on the dry weight of the two fractions. With the exception of 
Expt. 88, the two layers differed considerably in percentage dry weight and in 
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adrenaline content. ‘The mean figure for dry weight was 19-1% for the top 
layer and 26-3 % for the bottom layer. In the calculation of the averages, the 
figures for one experiment (no. 88) have been omitted; since a clear separation 
of the sediment into layers was not observed in this experiment, and the 
sampling of the two fractions was rather arbitrary, this omission is regarded 
as justified. Table 7 shows that the adrenaline concentration of the top layer 
ranged from 5-2 to 8-4% of the dry weight, while that of the bottom layer 


_ ranged from 11-8 to 17-0%. The mean figure for the top layer was 6-1%, that 


of the bottom layer, 14-39%. If Expt. 88 is included the values become 6:3 for 
the top layer and 13-2 for the bottom layer. In other words, the adrenaline 
concentration in the bottom layer was more than twice that in the top layer. 
In Table 7, the adrenaline content has been expressed in terms of molal con- 
centration, on the assumption that the adrenaline was uniformly dissolved in 
the water of the granular fraction. 


Taste 7. Dry weight and adrenaline content of ‘top’ and ‘bottom’ layers of ox medullary 


granules (fraction 2) 
‘Top’ layer ‘Bottom’ layer 
_ Adrenaline content Adrenaline content 
Ww eigh t, | Ww eigh t, 
Expt. ot wet As % of Molal As % of Molal . 
no. weight dry weight concentration weight dry weight concentration 
59 20-0 6-8 009 $20 16-0 0-41 
61. 18-0 5-4 0-07 25-4 12-3 0-23 
62 18-6 5-2 0-07 27:1 17-0 0-35 
87 19°5 5-7 0-08 25-7 12-9 0-24 
88 22-1 73 0-11 21-2 6-4 0-10 
94 18-4 5-2 0-07 24-1 11:8 0-20 
97 20-8 8-4 0-12 25:1 16-0 0-29 


have been carried out on some of the fractions obtained by centrifugation. The 
protein nitrogen content of ‘large’ and ’small’ granule fractions, separated as 
shown in Table 4, was determined in three experiments. The starting material, 
the low-speed supernatant (1), contained 1-08-1-32 mg of protein nitrogen per 
ml. (mean: 1-20 mg/ml.); the large granule fraction (2) contained 34-40% of 
fraction (1) (mean: 37°); the small granule fraction (3) contained 22-29% 
(mean: 25%), and the final supernatant 41-45% (mean: 43%). With the 
final washings (5) (mean: 4°), the protein in the starting material was thus 
satisfactorily accounted for. The values for ‘large’ and ‘small’ granule frac- 
tions and the final supernatant are similar to those reported for mitochondria, 
microsomes and soluble fraction, respectively, of rat liver (Schneider & 
Hogeboom, 1951). | 

In six of the experiments reported in Table 7, the protein content of ‘top’ 
and ‘bottom’ fractions was also determined. In the top layer gis sat of 
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the dry matter was protein (mean: 26-4%), in the bottom layer 22-8-35:5% | 
(mean: 292%). 
Since the data for both pressor amine and protein were available from 


several experiments, we were able to calculate the adrenaline : protein ratio. — 


These figures, which are given in Table 8, show that the large granule fraction 
had an adrenaline : protein ratio twice that of the low-speed supernatant from 
which it was derived. In all experiments in which top and bottom fractions 
were examined separately, the adrenaline : protein ratio was higher in the 
bottom layer; the mean figures were 0-22 for the top layer and 0-48 for the 
bottom layer. 


- Tasie 8, Adrenaline: protein ratio of fractions derived from bovine medullary homogenates 


(The ratio has been calculated on a weight to weight basis. In Expt. no. 84 the centrifugation 
was as shown in Table 4; in this experiment the figures for adrenaline and protein are expressed 
in terms of mg per ml. of fraction. In the other experiments adrenaline and protein are expressed 
in terms of % of dry weight of fraction.) 

Protein. Adrenaline Adrenaline : protein 


Expt. no. Fraction (mg/ml.)  (mg/ml.) patio 
84 Low-speed supernatant (1) 7-44 1-17 0-16 
Large granule fraction (2) 2-56 0-84 0-33 
Small granule fraction (3) 1-87 0-06 0-03 
Final supernatant (4) 3-12 0-20 0-06 
Final washings (5) 0-25 0-02 0-08 

| % % 
59 _ Top layer of sediment 23-2 6-8 0-29 
Bottom layer of sediment 22-8 16-0 0-70 
61 Top layer of sediment 28-4 5-4 0-19 
Bottom layer of sediment 25:8 12-3 0-48 
62 Top layer of sediment 22-8 5-2 0-23 
Bottom layer of sediment 34-4 17-0 — 0-49 
87 Top layer of sediment 26-4 5-7 0-22 
Bottom layer of sediment 35-5 12-9 0-36 
94 Top layer of sediment 30-3 5-2 0-17 
Bottom layer of sediment 30-5 11:8 0-39 


Adrenaline : noradrenaline ratio in medullary fractions 


In all experiments given in the preceding sections we determined the total 
pressor action of the various fractions against (—)-adrenaline as standard, but 
in a few experiments the adrenaline : noradrenaline ratio of the low-speed 
supernatant, the high-speed supernatant and the high-speed sediment was 
also determined. A preliminary account of these experiments, including a 
table of results, has already been given (Hagen, 1954a). 

The method used in the adrenaline ; noradrenaline determination was in all 
essentials similar to that described by Weil-Malherbe & Bone (1953); this is a 
fluorimetric method in which the adrenochrome (and noradrenochrome) is 
condensed with ethylene diamine to give a highly fluorescent product. When 
this method was used with homogenates of medullary fractions, the original 
material had to be highly diluted and an adsorption on alumina and subsequent 
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elution was found unnecessary. The final dilution of the material was made in 
5 ml. of N-HCl; this was added directly to 1 ml. of ethylene diamine in a glass- 
stoppered test tube. The tubes were heated at 60-70° C for 30 min; the contents 
were then saturated with sodium chloride and the fluorescent products were 
extracted with tsobutanol. In contrast to the finding of Weil-Malherbe & Bone 
(1953), the compound derived from noradrenaline, when tested with a blue 
filter, usually gave a more intense fluorescence than the corresponding com- 
pound derived from adrenaline; with the yellow filter the two compounds 
frequently had an almost equally intense fluorescence. _ 

In one of the experiments already reported (Hagen, 19542) the biological 
assay was not only carried out on the arterial blood pressure of the spinal cat, 
but the adrenaline ; noradrenaline ratio was also determined by the method 
of Burn, Hutcheon & Parker (1950) on the normal nictitating membrane of the 


cat; the fluorimetric and biological methods agreed satisfactorily. 


The data given (Hagen, 1954a) show that adrenaline and noradrenaline 
were similarly distributed between high-speed sediment and supernatant. The 
relatively high concentrations of noradrenaline found in the fractions are in 
agreement with some of the earlier data on bovine suprarenal glands; e.g. in the 
three medullae examined by Langemann (1951), using the method of Burn 
et al. (1950), the percentage of adrenaline was: 75, 50 and 50%, respectively. 


Effect of temperature on adrenaline retention 

As long as the suspensions were kept at low temperature, little of the 
pressor amine content was lost from the granules, This is demonstrated by the 
results of those experiments of Table 1, in which the resuspended sediments 
were re-centrifuged, At higher temperatures, however, there was often a con- 
siderable release of adrenaline into the supernatant fluid. A number of incuba- 
tion experiments, both at 25° and at 37-5° C, were carried out, in order to find 
out if the release of pressor activity could be affected by modifications of the 
conditions of incubation. These modifications included incubation either in 
oxygen or in nitrogen, addition of MgCl, of potassium phosphate, of ATP, of 
Versene (ethylene-diamine-tetraacetic acid), as well as of certain substrates of 
oxidation, such as «-ketoglutarate or glutamate. There was no indication that 
any of these modifications or additions had a significant effect on the release 
of pressor activity. 

The action of acetylcholine and histamine | 
In preliminary experiments, no effect of the addition of either histamine or 


acetylcholine on the release of pressor amines was observed. In one experi- 


ment, 1-6 ml, samples of a resuspended high-speed sediment were incubated 
for 60 min at 37-5° C in O,, one sample without, and another with, 0-5 mg of 


acetylcholine chloride; the suspensions were centrifuged and the pressor 
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activity of the supernatant fluids was determined. wis supernatant fluids — 
had the same pressor activity. 

The effect of histamine was tested in an experiment in which 3-5 ml. of 
resuspended sediment was left standing for 10 min at +2° C with and without 
10 yg of the base. After centrifugation the supernatant fluids were ee they 
had very much the same activities. 


Fig. 2. Spinal cat. Arterial blood pressure. Injection of undenatured adrenal medullary granules. 
Intravenous injection at: (a) of 1-0 ml. of resuspended high-speed sediment in 0-25 m-sucrose 
corresponding to 4 mg of fresh tissue; (b) of 4 ug of adrenaline; Sets Se), ei cmmeepended 
high-speed sediment in 0-25 m-sucrose; (d) of 6 ug of adrenaline. 


Action of undenatured granules on the arterial blood pressure of the spinal cat 
In the experiments described so far, adrenaline assays were always carried 
out after acidification and freezing, with subsequent thawing and neutraliza- 
tion. Experiments have also been done in which the freshly prepared fractions 
were injected intravenously, in order to determine whether the pressor amines 
were present in a fully active condition. 
5 A tracing of the arterial blood pressure, recorded during such an experiment, 
is shown in Fig. 2. Two intravenous injections of (—)-adrenaline in 0-25 m- 
sucrose were made: at b 4 ug and at d 6 wg. Ata 1-0 ml. ofa 1 : 50 dilution in 
0-25 M-sucrose of a resuspended high-speed sediment, as described in Table 1, 
was injected, and at c 1-4 ml. of the same dilution. It.can be seen that the 
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ascending phase of the blood pressure rise after the injection of the suspended 
granules did not differ significantly from that after an injection of a solution 
of (—)-adrenaline. There was, however, a marked difference in the descending 
phase: the return of the blood pressure to normal after the injection of a re- 
suspended sediment was much slower than after adrenaline. 

The blood pressure rise at c, after the injection of 1-4 ml. of the granule 
fraction, had @ maximum which was intermediate between that caused by 
4 and 6 yg of adrenaline (6 and d). However, the total adrenaline content of 
this granular fraction was not 5 yg but 22 yg; this latter value was derived 
from an acidified aliquot of the same fraction. In other words, only about 
25%, of the total amount of adrenaline injected at c had an immediate effect. 
The greater part of the pressor amine administered in this injection, about 
75%, did not contribute to the immediate pressor rise; apparently, however, 
it was —— for the prolonged descending phase of the blood-pressure 
curve. 


9. Maxima of blood-preaure response in term of (- )-adrenaline of (A) scidified and 


Expt, A 

no. "Type of fraction pg/ml. acidified pg/ml. fresh  4/B 
1 Resuspended sediment (ist high-speed 520 100 5-2 
Resuspended sediment teed high. 600 150 4-0 

2 Resuspended sediment (2nd high-speed) 500 
Resuspended sediment (3rd hi paw 400 60 6-7 
Supernatant (3rd high-s 0-9 

3 Resuspended sediment -speed 400 90° £44 
“Supernatant (Ist 140 


Table 9 gives the result of a number of experiments in which freshly prepared 
granular fractions were injected intravenously into spinal cats; the total 
adrenaline content of acidified aliquots also is shown. In the granular fractions 
the adrenaline equivalents, as expressed in the blood-pressure maxima, varied 
from 15 to 25% of the total adrenaline content of the fraction. The immediate 
rise in blood pressure following the injection of the suspended granules cannot 


-be attributed to adrenaline which had already diffused out of these particles. 


This is shown by Expt. 2 of Table 9, where recentrifugation of the suspension 
gave a supernatant fluid containing less than a third of the maximum im- 
mediate pressor activity of the original suspension. — 

The blood-pressure rise after the injection of undenatured ncminenial fluid 
from high-speed centrifugation did not show a slow return to normal; the 
curves differed in no respect from those resulting from an injection of an 
aqueous solution of adrenaline. Table 9 (Expt. 3) shows that the blood-pressure 
rise after the injection of a fresh first high-speed supernatant fluid was not 
significantly different from the maximum obtained after the injection of an 
acidified sample of the same fraction..This shows that in the cytoplasmic sap 
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adrenaline is present in a form in which it is immediately available. A similar 
result was obtained when the supernatant after a third resuspension and 
subsequent high-speed centrifugation was examined (Expt. 2). 

In the experiment shown in Fig. 2 and in those-of Table 9 the fresh suspen- 
sion was diluted with isotonic sucrose before injection. An entirely different 
result was obtained: whendistilled water replaced isotonic sucrose as the diluent 


Fig. 3. Spinal cat. Arterial blood pressure. Comparison of the effect of adrenaline with that of 
suspensions of granules in isotonic sucrose or water. Intravenous injection at: (a) of 0-3 ml. 
of a sediment after a second high-speed centrifugation, resuspended in 0-25 mM-sucrose 
(undenatured granules) corresponding to 30 mg of fresh tissue; (b) of 30 yg of adrenaline; 


(c) of 0-3 ml. of a 1 in 5 dilution of the same suspension in distilled water, corresponding to 
6 mg of fresh tissue. 


before injection. Fig. 3 is the blood-pressure tracing from an experiment in 
which at a 0-3 ml. of a suitable dilution of a resuspended sediment from a 
second high-speed centrifugation in 0-25 M-sucrose was injected intravenously. 
The subsequent injection, at b, was one of 30 ug (—)-adrenaline in 0-25 m- 
sucrose; at c 0-3 ml. of a 1:5 dilution, in distilled water, of the suspension 
injected at a was given. The tracing shows the slow return of the blood pressure 
to the original level after the injection of the undenatured fraction (at a). 
After treatment with distilled water (at c), an injection of one-fifth of the 
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amount of material given at a resulted in a blood-pressure maxiinum with a 
height similar to that given by the granules which had remained in 0-25 u- 
sucrose until administered; the return of the blood pressure to normal was 
prompt and comparable to that seen in b. | 
Whereas in the two experiments shown in Figs. 2 and 3 there was no indica- 
tion that the blood-pressure rise after the injection of intact granules was 
slower, in the experiment shown in Fig. 4 the rise appeared to be a little 
retarded. Furthermore, in this experiment the slowing of the downward phase 
of the blood-pressure response was very marked. The second Tesponse, at b, 
was after the injection of one-fourth the amount of granules, but diluted in 


Fig. 4. Spinal cat, Arterial Blood pressure. Intravenous injection: (a) of 0-1 ml. of a suspension 
of high-speed sediment in 0-32m-sucrose, diluted to 1-0 ml. with 0-32 m-sucrose; (6) of 0-025 ml. 
of the same suspension, diluted to 1-0 ml. with distilled water. 


the syringe, immediately prior to injection, with distilled water. Both rise and 
return of the blood pressure were fast, and the maximum attained was higher 
than with four times the amount of intact granules. 

These observations show that, whereas in the first high-speed supernatant 
fluid, which contains the cytoplasmic sap, all the adrenaline was present in a 
form indistinguishable from an aqueous solution of adrenaline, this was not 
the case with the cytoplasmic granules. Here the adrenaline was present in a 

form in which it did not exert its full effect immediately. Furthermore, Figs. 3 
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and 4 show that after treatment with distilled water the total uieeilinns was 
present in an immediately available form, The experiment described below 
shows that it was no longer present in the sediment. 

A 1 in 10 homogenate of ox medulla in 0-32 m-sucrose was prepared; after 
an initial low-speed centrifugation at 950g for 30 min, a supernatant was 
obtained which was centrifuged for 20 min at 11,000g; the total volume was 
noted and the supernatant fluid from this centrifugation was discarded; the 
sediment was resuspended in one-quarter of the original volume of 0-32 m- 
sucrose. Two samples were prepared from this suspension; sample (a) con- 
tained 1-0 ml. of the suspension plus 3-0 ml. of 0-32 m-sucrose, and sample (5) 
contained 1-0 ml. of the suspension plus 3-0 ml. of water. The two samples were 
then again centrifuged for 20 min at 11,000g; the supernatant fluids were 
decanted and replaced by sucrose. Assay for pressor activity of acidified 
fractions showed the distribution: 


Sample ... a (a) (b) 
Sucrose concentration 0-32 m 0-08 m 
Supernatant 44 ug/ml. 580 pg/ml. 
Resuspended sediment 508 ug/ml. 80 pg/ml, 


In — (b) practically all the activity was found in the supernatant fluid. 


Localization of enzymes 

Respiratory enzymes. As already briefly reported (Blaschico, 1954), the 
granular fractions, which contain pressor amines, also carry the bulk of the 
respiratory activity of the chromafiine cell. Evidence of the presence of the 
cytochrome-cytochrome oxidase system and of oxidation of the Krebs’s cycle 
intermediates was obtained in manometric experiments. 

The presence of the cytochrome system was demonstrated in experiments 
with p-phenylenediamine as substrate; in one experiment succinate was also 
used. From a homogenate of medullary tissue in 0-32m-sucrose, a low-speed 
supernatant, a high-speed supernatant and a resuspended. high-speed sediment 
were obtained as in the experiments described in Table 2. The three fractions 
were tested for ‘indophenol oxidase’ and ‘succinoxidase activity’. Of each 
fraction, 3-0 ml. was incubated with 0-02 ml. of 3-13% (w/v) MgCl, and 0-3 ml. 
of 10-* M-substrate; the total volume was brought up to 4-0 ml. with water. 
The gas phase was oxygen; the incubation temperature was 25° C. Oxygen 
consumption in 20 min was: 


Oxygen consumption (pl.) 
High-speed 
Low-speed Sediment 
| Supernatant (resuspended) 
Without addition x 0 
With succinate 30 | 6 60 | 


With p-phenylenediamine 97 13 
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This result indicates that the bulk of the succinoxidase and indophenol 
oxidase activity was present in the resuspended sediment from high-speed 
centrifugation. 

In the experiment described in Table 5, in which the ‘large granule’ fraction 
and the ‘small granule’ fraction were collected separately, we have also 
determined the succinoxidase activity. The result of this experiment is shown 
in Table 10. It can be seen that most of the succinoxidase activity was present 
in the ‘large granule’ fraction, in agreement with what is known from other 
tissues. | 


TaBiE 10. Succinoxidase activity of medullary granules and supernatant fluids 
(Expt. 84, in which the centrifugation procedure was that shown in Table 4, was carried out on 
the same fractions as the adrenaline assays of Table 5. Each manometer flask contained: 1 ml. 
of fraction, 0-6 ml. of 0-067 m-sodium phosphate buffer of pH 7-4 and either 0-4 ml. water or 
0-1 m-sodium succinate. In air at 37-5° C.) 
pl. O, consumed per hr 
per ml. of fraction 

—\ Per mg 

% of (1) protein 


Low-speed supernatant (1) 268 36 

granule fraction (2) 158 59 62 
Small granule fraction (3) 35 13 6 
Final supernatant (4) 12 5 4 
Final i (5) 0 —_ 0 


TaBtx 11. Succinoxidase activity of ‘top’ and ‘bottom’ layers 

(On these layers, adrenaline assays and protein determinations were also carried out (see 
Tables 7 and 8). Gas: air; temp.=25°C. Each manometer flask contained 2-0 ml. of the sus- 
pended sediment, 0-68 ml. of 0-067 m-potassium phosphate buffer of pH 7-4, 0-02 ml, of 3-13% 
MgCl, and 0-3 ml. water or 0-1 m-sodium succinate.) 
‘Top’ layer, ul. O, consumed/hr ‘Bottom’ layer, ul. O, consumed/bhr 
Expt. p wet dry per mg per mg wet per mg dry per mg 
t protein _ weight t protein 


no, 
61 1-85 10-3 36-3 1-75 6-9 26:7 
62 2-28 12:3 54-0 2-40 8-9 25-8 


In two of the experiments in which ‘top’ and ‘bottom’ layers were separately 
collected, we have also determined the succinoxidase activity. Results are 
shown in Table 11; the experiments are the same as Expt. no. 61 and Expt. 
no. 62 in Table 7. It can be seen that both fractions had good succinoxidase 
activity, but the oxygen consumption per unit of dry weight as well as per 
unit of protein was higher in the ‘top’ layer. 

The oxidation of other Krebs’s cycle intermediates, e.g. «-ketoglutarate or 
citrate, was less readily demonstrated. This is not surprising, as the prepara- 
tions used were from slaughterhouse material. However, in a number of 
experiments both «-ketoglutarate and citrate were found to be oxidized. — 
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Amine oxidase. In the rat liver, amine oxidase is known to be chiefly located 
in the large granule fraction (Cotzias & Dole, 1951; Hawkins, 1952). In the 
adrenal medulla, amine oxidase was found similarly distributed. In one 
experiment the ‘large granule’ fraction, the ‘small granule’ fraction and the 
final supernatant fluid were tested, using 0-1 m-tyramine hydrochloride as — 
substrate; the oxygen consumed by 1 ml. of fraction, corresponding to 100 mg 
fresh tissue, during the first half hour in O, at 37-5° C was 


Large granules _ Small granules Final supernatant 
25°5 pl. 0, 7 pl. O, 1-5 pl. 0, 


DOPA decarboxylase. Langemann’s (1951) finding that this enzyme occurs 
in the adrenal medulla has since been confirmed by Sourkes, Heneage & 
Trano (1952) and by Holtz & Bachmann (1952). The latter authors, working 
with hog adrenal medulla, found that in their extracts the apoenzyme was not 
always fully saturated with coenzyme, pyridoxal-5-phosphate (see also Holtz, 
Bachmann & Carsten, 1952). With our medullary fractions, we have also noted 
that the enzyme was not always maximally active, and we have therefore in 
the manometric experiments added to each flask 10 yg of pyridoxal-5- 
phosphate as the calcium salt. In order to reduce CO,-retention the fractions 
(in sucrose) were brought to pH 6-5 by adding 0-067 m-sodium phosphate 
buffer. 

In all these experiments the entire decarboxylase activity of the homo- 
genates was present in the supernatant fluid after high-speed centrifugation; 
the sediment from high-speed centrifugation was entirely without decarboxy- 
lase activity. 

Choline oxidase. In agreement with Langemann’s finding (1951), no choline 
oxidase activity was detected in the medullary homogenates. 


DISCUSSION 


The observations described above confirm and extend our earlier finding that 
most of the pressor amines in sucrose homogenates of the adrenal medulla are 
present in a granular fraction. Several reasons are in favour of assuming that 
the distribution, as studied in the sucrose homogenates prepared at low tem- 
perature, is representative of that in the chromaffine cell. In 1940, Feldberg 
prepared -saline- homogenates of medullary tissue, presumably at room tem- 
perature; he found only a fraction of the total pressor activity in the sediment 
after centrifugation. We have noticed sometimes that in saline media (in 
NaCl or in KCl) release of considerable amounts of adrenaline had occurred. 
Raising the temperature also favoured release. It seems, therefore, that the 
granules of the chromaffine cells, as other intracellular granules, are preserved 
at low temperatures in non-electrolyte media. Moreover, the observations on 
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sheep medullae suggest that post-mortem changes occur which set free pressor 
amine from the granules. | 
_ That the adrenaline in the chromaffine cell is present in the form of granules, 
was suggested by several histologists (see Cramer, 1918a, b). The milder 
methods used in the present work have made it possible to isolate from the 
cells granules with a high adrenaline content. It is of interest to note that in 
_ Feldberg’s (1940) experiments the small amount of adrenaline present in the 
‘debris’ was retained upon re-centrifugation, but that it was released into the 
supernatant fluid upon addition of lysolecithin. A release of adrenaline from 
granular material by lysolecithin has recently also been described by Hillarp 
& Nilson (1954); these authors have also observed the release of adrenaline in 
hypotonic media (Hillarp, Lagerstedt & Nilson, 1953). All these observations 
suggest that the granules possess a semi-permeable membrane which shares 
certain properties with the cell membrane. Our observation that in the granules 
most of the adrenaline is stored in a form in which it is not able immediately 
to exert its effect upon the arterial blood pressure is in conformity with a con- 
cept of the storage of the amines in a space surrounded by a membrane. 
The observation that in the medullary granules adrenaline is stored in a 
structure in which it is prevented from exerting its full pressor effect and from 
which it is released in a hypotonic medium, is closely analogous to observations 
on another amine, histamine. Here again it can be shown that the amine is 
carried in a fraction of granules and that the injection of fresh granules is 
without action upon the arterial blood pressure, but that the histamine can be 
fully released by lowering the osmotic pressure of the suspending medium 
(Hagen, 19545). 


_ The findings reported in this paper extend our earlier observations (Blaschko — 


& Welch, 1953) in that they show that the large granule fraction is not homo- 
geneous, but that it contains a component with a very high pressor amine 
content. The quantitative data given must, for a number of reasons, be con- 
sidered as approximations. Our assays were carried out against adrenaline as 
standard. The ox medulla contains also some noradrenaline which has, weight 
for weight, slightly more pressor activity. This is a factor which makes the 
assay figures appear a little too high. However, the granules were not entirely 
free of sucrose solution and possibly not of small granules, and these are factors 
which would lower the adrenaline concentration. We believe, therefore, that 
the reported measurements of adrenaline give a reasonably good approxima- 
tion to the real pressor amine content of the fractions. 

The question as to the identity of our fractions with mitochondria must 
remain open until a full histochemical investigation of the granules has been 
carried out. The sedimentation properties of our ‘large’ granule fractions are 
similar to those described for liver mitochondria. That the mitochondrial 
fraction of liver cells is not homogeneous, but that there exist “large granules 
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with differing properties, has been described by a number of observers 
(Novikoff, Podber, Ryan & Noe, 1953; de Duve, Gianetto, Appelmans & 
Wattiaux, 1953). In the medullary homogenates, we have shown that the 
large granule fraction can be subdivided into two components with differing 
properties. Again the question might be asked: is this separation into ‘top’ 
and ‘bottom’ fractions an artifact which arises in the course of the disintegra- 
tion of the chromaffine cells and the subsequent separation of the fractions? 
It is quite conceivable that the granules are components of larger organelles 
of the living cell, but it is difficult to see how the process of separation could 
have brought about a redistribution which would have led to an increase in 
the pressor amine content of one fraction at the expense ofanother. Accordingly, 
we feel justified in assuming that in the chromaffine cell there exists a structure 
with a pressor amine content of 12-17% of its dry weight. This high pressor 
amine content also makes it likely that we are now approaching homogeneity : 
if we interpret the relatively high succinoxidase content of the ‘bottom’ 
fraction as due to the admixture in the fraction of a granule high in succinox1- 
dase activity, but free of amines, this would mean that the amine content of 
the granules in the fraction which was rich in amines had an even higher con- 
centration of amines than the fraction as a whole. There must clearly be an 
upper limit to the possible adrenaline concentration of any one granule. © 

The adrenaline assays have shown the presence in the chromaffine cell of an 
organelle in which the concentration of pressor base alone is higher than the 
total concentration of base in extracellular fluids. At the pH of the tissue 
fluids, adrenaline can be considered as fully dissociated. It would therefore 
contribute fully to the osmotic pressure if present in aqueous solution. An 
osmotic disequilibrium between intracellular particles and the body fluids is 
now assumed to exist by many authors (see Bartley, Davies & Krebs, 1954); 
this disequilibrium is believed to be maintained at the expense of reactions 
that yield energy. The granular fractions which carry adrenaline have been 
shown to respire actively. However, the fact that the amines are well retained 
within the granules without oxygen consumption indicates that energy is not 
required for the maintenance of an osmotic disequilibrium. In order to account 
for our findings, we must therefore assume that the amines are present, at 
least in part, in a form in which they are osmotically inactive. In other words, 
they are believed to be present in a bound form. 

At present, it is not possible to.say in what form the adrenaline is bound. 
Three possibilities might be discussed: (1) the adrenaline might be present in 
a lipoid phase; (2) it might be held by a chelating agent, e.g. a metal; (3) the 
adrenaline ion might be held by negatively charged groups in the tissue con- 
stituents, e.g. by carboxyl, phosphate or sulphate groups. It is possible that 
more than one type of binding occurs. The ease and rapidity, however, with 
which the adrenaline can be detached in a fully active form makes the first of 
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these possibilities unlikely. The answer to these questions must be left to 
further work. | 
Closely linked with the mode of binding of-the adrenaline is that of its 
release. T'wo possibilities have to be considered: either the granules are secreted 
as such and disintegrate only after they have left the chromaffine cell or the 
adrenaline is released within the cell into the sap and is then secreted across 
the cell membrane. There are observations which can be used in support of 
either possibility. Cramer (19182) reported having seen granules in the venous 
sinus of the medulla. We have shown that fresh granules, injected intra- 
venously, do exert an immediate effect upon the arterial blood pressure of the 
spinal cat; this effect, however, is only a small part of that of their total pressor 
amine content. The sustained pressor effect shows that some at least of the 
adrenaline, not immediately available, also exerts an effect. Accordingly, the 
_ possibility that the granules are secreted by the cell cannot altogether be ruled 
out. However, the presence of adrenaline in the supernatant fluids makes it 
likely that some adrenaline is present in the cytoplasmic sap; it seems quite 
possible that this is the amine that is secreted when the cell is stimulated. 
The fact that some of the adrenaline in the fresh granular fractions is 
immediately available while most of it is not, can be interpreted in various 
ways. Some of the adrenaline might be present outside the granule, while the 
bulk is protected by a membrane. Or it is possible that granules exist which 
have a different degree of lability in the circulation of the cat: some which 
disintegrate immediately and others which remain intact somewhat longer. 
Or the adrenaline immediately available is the adrenaline present in free 
aqueous solution; the bulk of the adrenaline which does not contribute to the 
immediate pressure rise, represents the bound adrenaline. 
An understanding of the mode of release will depend upon whether the 
adrenaline leaves the cell in granules or in aqueous solution. If the intact 
granules leave the cell, the main effect of stimulation would be upon the cell 
membrane. If the adrenaline leaves the cell across the cytoplasmic sap, we 
would have to postulate an intracellular mechanism which causes a redistribu- 
tion of pressor amines within the chromaffine cell. The failure of substances 
like acetylcholine and histamine to release adrenaline from the granules could 
easily be understood on the basis of either of these two modes of release. The 
action of releasing agents, however, remains to be more thoroughly studied. 
The sequence of chemical reactions by which adrenaline and noradrenaline 
are elaborated is not yet known. The work of Langemann (1951) has shown that 
in chromaffine tissue there occurs a very active enzyme which forms dopamine, 
an amine with sympathomimetic action. In the sucrose homogenates this 
enzyme is found in the supernatant fluid; the granular fractions were without 
enzymic activity. This suggests that in the living cell the decarboxylase is 
present in the cytoplasmic sap. If we provisionally assume that DOPA 
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decarboxylase is so located in the living cell and that it is in fact important in 
adrenaline and noradrenaline synthesis, it follows that amine formation occurs 
in the cell sap, whereas adrenaline and noradrenaline are chiefly present in the 
granules. We would then have to assume movement of amines in the cell in two 
directions: movement of newly made amine from the cytoplasmic sap to the 
granules and movement of adrenaline and noradrenaline stored in the granules 
into the cell sap. The further chemical changes which lead to adrenaline and 
noradrenaline may occur in the granules; this has already been discussed else- 
where (Blaschko, 1954). This question can only be answered by new experiments. 


SUMMARY 

1. Homogenates of bovine suprarenal medulla in cold isotonic or sekousaianis 
sucrose contain about three-quarters of their pressor activity in a fraction 
which can be spun down at 11,0009. 

2. The pressor amines are contained in a granule fraction ieee sedimenta- 
tion properties similar to those of mitochondria. 

3. A layer of granules has been separated with a pressor activity corres- 
ponding to an adrenaline concentration of 11-8-17-0°% of the dry weight. 

4. Intravenous injection of undenatured granules suspended in isotonic 
media causes a blood-pressure rise in the spinal cat which indicates that only 
a small part of the adrenaline is immediately. active; granules suspended in 
distilled water cause an immediate blood- “pressure : rise which corresponds to 
their total pressor amine content. 

5. The granular fractions of the chromaffine tissue also contain the respira- 
tory enzymes of the cells and the amine oxidase activity. ® | 

6. DOPA-decarboxylase activity was found in the supernatant fluid after 
high-speed centrifugation. 
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THE DISTRIBUTION OF CHOLINESTERASE IN THE 
CHROMAFFINE CELL 


By P. HAGEN 
From the Department of Pharmacology, University of Oxford 
(Received 29 November 1954) 


It has been known for a long time that acetylcholine is released at the endings 
of the splanchnic nerves in the adrenal medulla, and that injection of acetyl- 
choline causes secretion of adrenaline. Since it is now known that the bulk of 
the pressor amines in the adrenal medullary cell is bound to the granule frac- 
tion, it was of interest to investigate the intracellular location of the enzyme 
responsible for the hydrolysis of acetylcholine. 

The cholinesterase activity of adrenal gland had been previously investigated 
by Antopol & Glick (1940) in ox, pig and rabbit, and in man by Langemann 
(1942). These authors found that the enzyme is chiefly localized in the medulla. 
It is also known that in the rat (Ord & Thompson, 1950) and in the ox ange 
mann, 1951) the esterase is largely acetylcholinesterase. : 


METHODS 


Ox adrenal glands from the abattoir were brought to the laboratory as soon as possible after the 
animal had been killed. The medulla and cortex were immediately dissected apart. The tissue was 
dispersed in ice-cold 0-32 m-sucrose using a Potter-Elvehjem homogenizer. Sufficient sucrose was 
added to give a final concentration of 10 g of tissue in a total volume of 100 ml. 

Centrifugation of the homogenate at 950g for 30 min gave a ‘low-speed supernatant’. This was 


fractionated into a ‘large granule’ fraction, a ‘small granule’ fraction, a ‘final supernatant’ and 


‘final washings’, as outlined elsewhere (Blaschko, Hagen & Welch, 1955). 

The cholinesterase activity of these fractions was determined manometrically. One ml. of each 
fraction was added to Krebs’s bicarbonate-Ringer solution and acetylcholine added to give a 
concentration of 0-02 m in a final volume of 3 ml. The gas phase was 95% N,+5% CO, and the 
temperature was 37° C. Carbon dioxide production was followed for 30 min. 

The protein nitrogen content of all fractions was estimated by micro-K jeldahl digestion, followed 
by steam distillation and titration. 

In one experiment the retention of CO, in the different fractions was détermined. In no case 


did the CO, retention exceed 6%; it was therefore considered unnecessary to make a correction 
for CO, retention. 
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RESULTS 


The cholinesterase determinations in these experiments were carried out. on 
fractions 1 to 5, prepared and named as described in Table 4 of the preceding 
paper by Blaschko, Hagen & Welch (1955); the succinoxidase activities are 
given in Table 10 of that paper; they indicate a satisfactory separation of the 
large granule fraction with its high respiratory activity from the small granule 
fraction. 


TaBLE 1. Acetylcholinesterase activity of fractions of ox medulla 


| Activity is expressed as ul. CO, evolved per mil. of fraction (=100 mg tissue) per hr and as q (N), i.e. as q 
I pmoles ACh hydrolysed per mg protein N per hr. b. 


Low-speed ca granule Small granule Final 
—., i fraction supernatant Final washings 
q(N) q (N) pl. g (N) q (N) 
156 8-2 8-0 120 23-3 61 6-7 
154 58 5 2-7 133 20-0 37 3-3 0 0 
177 73 47 4-9 168 24:2 55 5-5 0 0 


The results (Table.1) show that the bulk of the acetylcholinesterase activity 
was located in the small granule fraction. It can also be seen that the enzymic 
activity per unit of protein nitrogen in this fraction was three to four times 
higher than that in the low-speed supernatant fluid. 

In all three experiments the sum of the enzymic activities of the separated 
fractions exceeded the activity of the low-speed supernatant fluid from which 
they had been derived. It was thought that this might be explained by the 
handling of the fractions during centrifugation and resuspension of the sedi- 
ment. An experiment was therefore carried out in which the ‘first high-speed 
supernatant’, after spinning down the large granule fraction, was divided into 
four samples. The first was left standing at 0°C. The second was shaken 
violently as is done when resuspending the sedimented small granules. The 
remaining two samples were centrifuged at 100,000g for 30 min. In one of the 
latter samples the small granules were resuspended by shaking in their super- 


natant without separation. In the fourth sample the supernatant was poured 


off and the sediment was resuspended in 0-32 m-sucrose. The cholinesterase 
activities were determined. The values given are in yl. CO, evolved per ml. of 
fraction per hr. 


1. First high-speed supernatant 

2. First high-speed supernatant after shaking 199 

3. First high-speed supernatant centrifuged and resuspended 215 

4. Small granule fraction it 913 
Final supernatant 86 
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In this experiment, shaking alone increased the rate of hydrolysis of acetyl- 
choline and shaking plus centrifugation increased the rate even more. This 
suggests that handling had indeed led to an increase in the activity, or | 
availability, of the enzyme. 

DISCUSSION 


The experiments described show that in the bovine adrenal medulla, the bulk 
of the acetylcholinesterase activity is located in the microsome fraction. Itis _ 
not known whether this also holds for other tissues with a high acetylcholin- © 
esterase activity, but in view of the close relationship of the chromaffine to 
nervous tissue this observation is of particular interest. The concentration — 
__ within microsomes of another esterase has been reported by Omachi, Barnum | 
& Glick (1948). They found that the enzymic hydrolysis of methyl butyrate in 
rat liver mainly occurred in the microsome fraction. | 
These experiments are also of interest in connexion with findings from this 
laboratory on the intracellular localization of pressor amines, which areabsent — 
from the microsome fraction but present in the large granule fraction. The — 
inability of acetylcholine to release adrenaline from the isolated large granules — 
may mean that this cell organelle is not the structure on which acetylcholine | 
exerts its effect in the intact cell. It is therefore not surprising that an enzyme 
so closely linked to the metabolism of acetylcholine is found in a morphologi- 
cally distinct structural element. ne | 


SUMMARY | 
1. The acetylcholinesterase activity of fractions derived from sucrose — 


homogenates of ox adrenal medulla has been studied. 
2. The highest activity was found in the microsome fraction. 


This work was carried out during the tenure of a C. J. Martin Fellowship of the National — 
Health and Medical Research Council of Australia. 
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EFFECT OF ADRENALINE AND NORADRENALINE ON 
BLOOD VESSELS OF THE HAND BEFORE AND AFTER 
SYMPATHECTOMY 


By R. 8. DUFF 


From the Cardiological Department, St Bartholomew's Hospital and the 
Sherrington School of Physiology, St Thomas’s Hospital, London 


(Received 6 December 1954) 


Alterations in the vascular reactivity of laboratory animals following sympath- 
ectomy were first detected in relation to adrenaline (Meltzer & Meltzer, 1903; 
Elhott, 1905). It was later shown that the altered response is not confined to 
adrenaline (Dale & Richards, 1918; Cannon & Rosenblueth, 1936; Hoagland, 
1941), for denervation led to differences in the reactions to acetylcholine and 
histamine. 

The occurrence in man of altered reactions to adrenaline in skin vessels 
surgically deprived of their sympathetic nerve supply has been amply demon- 
strated (Freeman, Smithwick & White, 1934; Smithwick, Freeman & White, 
1934; Fatherree, Adson & Allen, 1940; Doupe, 1943; Duff, 1952), but opinion 
is divided regarding the time of onset, degree, and duration of the phenomenon. 
Observations on the response of human blood vessels to noradrenaline have 
been made in normally innervated subjects (Barcroft & Konzett, 1949; De 
Largy, Greenfield, McCorry & Whelan, 1950), but precise information on the 
effect of sympathectomy on these responses is lacking. The present study 
attempts to assess the influence of sympathectomy on the reactivity of the 
blood vessels of the hand to noradrenaline in comparison with that to adrenaline. 


MATERIAL AND METHODS 
Subjects 

Ten subjects of both sexes between the ages of 18 and 45 years were investigated before and some 
days after cervicothoracic sympathectomy; the vascular responses in thirteen upper limbs were 
studied. Relevant information on each is given in Table 1, Although the majority were suffering 
from Raynaud’s disease of the fingers, only four hands had visible ischaemic skin lesions, the re- 
mainder having normal appearances between attacks of vasospasm. 

The type of operation used to sympathectomize each hand was ascertained from the surgeon, 
and all but three subjects were subjected to a heat test (Landis & Gibbon, 1933; Barcroft & 
Hamilton, 1948) to establish that all vasomotor pathways to the hands had in fact been interrupted 
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(Duff, 1951). Following operation every hand exhibited signs characteristic of sympathectomy- 
anhidrosis, increased warmth, and absence or reduction of vasospastic attacks, Other con- 
sequences of sympathectomy, such as Horner’s syndrome following apertige of the 7“ part of 
the stellate ganglion, were also noted. 


TaBLE 1, Age, sex and condition of subjects, type of operation to sympathectomize each 
hand, and date of each postoperative test 


Age 
No. | Subject (yr) 


1 | R LE P 13th day 
a} 18 LE 6th day 
ae re R RD G 16th day 
at IL RD G Srd day 
. 2G 29 F L RD G 4th day 
¢ 18 F L 4th day 
2° EM 39 F R RD P 6th day 
; oe 40 F R RD G 6th day 
39 F R RD 4th day 
29 F R RD G 7th day 
Thee 45 M R VR G 6th dey 
12 h day 
82 IR RD P 6th day 


- LE=lupus erythematosus of fingers; RD= Raynaud's disease of fingers; VR= vasospasm of 
retinal arteries; P= preganglionic decentralization; G= postganglionic denervation. 


Methods 

The subject reclined comfortably on a couch in a laboratory kept between 22 and 24° C, for at 
least 4 hr before the start of the investigation. During each test the blood flow was invariably 
measured in both hands by venous occlusion plethysmography, using metal plethysmographs 
(Barcroft & Edholm, 1943; Duff, 1952) filled with water kept at 34+.1° C. Throughout the entire 
experimental period the blood flow in both hands was measured simultaneously and regularly 
each 4 min using either a smoked drum or a continuous-paper ink-recording kymograph. 

On the side under study, a needle to which a fine polythene tube had been attached was inserted 
under local anaesthesia into the brachial artery just above its bifurcation (Duff & scars 1951; 
Duff, 1952), and a continuous saline infusion started. 

A power-driven infusion apparatus (Duff, 1952) ensured steady delivery of the contents of 
interchangeable 50 ml. syringes at a constant rate, adjusted for 3 ml./min. The infusion into the 
artery was maintained at this rate throughout the experiment. At 4 min intervals plain saline 
(0-9% (w/v) NaCl solution) was alternated with saline containing the requisite amount of the test 
hormone. The latter solution was freshly prepared by serial dilution just before administration, 
from synthetic L-adrenaline tartrate (B.D.H.) or t-noradrenaline bitartrate (Bayer). Dilutions 
were such that 3 ml. of saline containing one of the following amounts of either substance entered 
the brachial artery each minute: #z, 7s, Hs or } wg. The general procedure was to start with a low 
concentration of adrenaline and follow with successively higher concentrations, then to give one 
of the lower concentrations of noradrenaline followed in the same manner by successively higher 
concentrations thereof. Each drug solution was infused for 4 min. Not every subject received all 
four concentrations of each hormone; to save time the #y ~g/min solution was often omitted, but 
care was taken to ensure that for each individual hand the postoperative tests were replicated in 
identical order to that adopted for the preoperative investigation of that hand. 

The blood flow in a pair of hands normally undergoes frequent variable but simultaneous 
fluctuations usually of about equal degree on both sides. After sympathectomy fluctuation in 
blood flow is generally greatly reduced though not necessarily abolished. Any investigation of 
unilateral treatment, especially to « normally innervated hand, must therefore be designed to 
permit recognition and exclusion of these ‘spontaneous’ bilateral changes in blood flow. An 
estimate of the net effect in the hand of a unilateral intrabrachial infusion of a drug may be 
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obtained hy subtracting, as it were, the spontaneous fluctuation of the contralateral control hand 
from the blood-flow pattern of the test hand before and during the drug infusion. On this basis 
the following method of analysis has been‘found satisfactory. 

If A and a are the means of the blood flow in the test and control hands respectively during the 


control period immediately before a specific infusion, and B and 6 the corresponding values 


recorded during that infusion, then an estimate (#) of what the flow in the test hand would have 
been had the drug been omitted is obtained by Z= Ab/a, Any difference in excess of experimental 
error between the observed mean B and the expected mean Z is a measure of the net effect of the 
drug. In the material presented here the mean values A, a are derived from the six } min observa- 
tions for test and control hand during the 3 min prior to the drug infusion; and the means B, 6 
from the six observations during the first 3 min of the drug infusion. From the difference between B 


_ and F a useful expression of drug effect is given by (B - Z)/E x 100. Previous studies (Duff, 1952) 


have shown that changes in this expression of less than 25% usually do not signify a specific drug 
effect and the drug level producing at least 25% vasoconstriction may be taken as the threshold 
of the hand vessels for that drug. 


RESULTS 

Preoperative response to adrenaline. Nine hands were studied during in- 
fusions of gz »g/min. Not one had any significant change in blood flow, the 
greatest individual constriction being 17%. With 4; g/min three of the 
thirteen hands had vasoconstriction of more than 25%, the mean change for 
the group being 11% constriction. With 4 ug/min two hands had 25 and 
49°, vasoconstriction, respectively, the mean for the group being 16% 
(Table 2). 

Response to adrenaline after sympathectomy. None of the hands in this series 
exhibited significant change in flow with ug/min. With ug/min, however, 
eight of the thirteen hands now had 25% or more vasoconstriction, themean 
for the group being 30%. With 4 yg no less than eight of the ten hands tested 
had more than 25 °% vasoconstriction. 

Thus for the two groups receiving ;/, and } ug adrenaline marked increases 
in the mean responses from 11 to 30% and from 16 to 44%, respectively, were 
observed after sympathectomy. The ratio of postoperative to preoperative 
mean responses was about the same for both doses (2-7 and 2-8). The increased 
response after sympathectomy is seen (Table 2) to be due especially to changes 
in hands 3, 6, 9, 11, 12 and 13, which before operation had minimal constric- 
tions but responded with marked reductions in blood flow after sympathectomy. 
The altered behaviour of two of these hands is portrayed in Figs. 1 and 2. 
Although some of the other seven hands also showed increased vasoconstric- 
tion with a given dose of adrenaline after sympathectomy this increase was 
less notable. 

The paired differences between the hands before and after sympathectomy 
are significant at the »g/min (t=3-03, P < 0-02), and the 3 ug/min (¢=3:55, 
P <0-01) levels. Of the six hands manifesting notable increases in sensitivity 
to adrenaline three were sympathectomized by preganglionic section and three 


_ by ganglionectomy. Two of the postoperative tests were done on the fourth 
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56 S. DUFF 
day thus providing evidence that increased sensitivity may develop well 
before the end of the first week. Of the remaining hands, which gave little or 


no evidence of.an increase, four were sympathectomized by ganglionectomy 
and three by preganglionic section. 


TaBLE 2. Comparison of adrenaline effects in thirty-two paired tests. The paired differences between pr. 
and postoperative responses are significant at the pg (t= 3-03, P< 0-02) and yg levels (t= 3-55, P 


Before sympathectomy After sympathectomy 
Mean blood flow blood fow 
(ml,/100 ml. /min) (ml./100 ml./min) 
Test hand Controlhand | hand Controlhand 
no. A B a b E E A B a b E Ez e 
Adrenaline »g/min 
1 56 5&5 37 42 64 -14 56 59 46 #40 49 20 
2 33 27 28 25 29 a9 11-9 120 126 122 11-5 4 
3 125 17-4 105 18-0 155 12 62 53 147 150 63 ~16 
4 141 163 21-3 23-9 15-8 3 80 80 61 56 73 10 
5 55 8 39 84 15 %415 39 -13 
87 73 50 43 7:5 50 50 67 68 51 
7 41 34 34 33 40 -~15 16 66 66 61 7-0 ~6 
8 61 42 50 36 44 -~5 216 19-7 249 220 19-1 3 
10 75 58 79 74 7:0 92 108 76 80 ll 
Mean 17-5 -4% 8-8 1% 
& Adrenaline yg/min 
46 41 40 37 43 48 6562 61 57 
2 82 26 24 24 3-2 -~19 13-0 103 18-0 131 13-1 ~21 
3 203 179 112 100 18-1 75 «4&4 166 170 7-7 —30 
4 149 183 20-4 22-7 16-6 10 74 76 47 62 82 aM 
5 80 44 49 45 7-2 -39 144 47 91 45 71 ~34 
6 115 105 61 58 10-9 15629 74 757 62 
48 27 36 33 349 74 5S 63 62 17:3 
68 58 60 53 60 23-8 21-4 25-0 23-4 22:3 -4 
9 64 60 62 53 55 9 17-0 11:0. 161 152 17-1 — 36 
10 14 33 90 67 55 40 118 70 78 81 123 ~ 43 
ll 86 58 66 50 67 -13 178 140 42 48 203 -31 
12 113 109 99 91 10-4 5 69 33 72 66 63 ~ 48 
133 1061 89 %73 69 95 -6 71 45 60 62 — 38 
Mean 9-0 -~11% 11-3 ~ 30% 
Adrenaline 4 »g/min 
1 45 45 35 38 48 -6 69 62 52 54 71 Sy 
2 42 21 29 28 41 —49 140 103 13-3 133 140 ~ 26 
3 161 166 10-7 12-1 18-2 -9 69 31 164 169 71 ~ 56 
4 1683 168 180 222 20-1 —16 82 68 63 68 87 ~ 29 
6 86 78 37 83 40 70 68 8&1 | 
1 30 21 36 34 28 ~25 88 388 59 46 69 ~ 45. 
9 126 90 109 10-0 11-6 —22 138 62 133 168 17-4 ~ 64 
ll 68 43 70 49 44 “2 168 113 62 74 20-1 ~44 
12 137 182 95 94 136 a’ 66 29 65 78 63 
133 «6102 «9-7 «76 «80 10-7 ~9 83 35 52 52 838 -58 
Mean 96 -16% 9-9 


A, a=means of the six observations of blood flow during 3 min prior to start of adrenaline, in test a 
control hands, respectively; B, b= corresponding means during first 3 min of adrenaline period; = Ab/a. 
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Miss A, D.—left Preoperative 


Blood flow (ml./100 ml./min) 


10 
5 
: Four days after ganglionectomy 
0 : 20 40 


Minutes 
Fig. 1. Blood flow in tested left hand (heavy line) and control right hand (interrupted line) of a 

young woman with Raynaud's disease before (upper half) and after sympathectomy (lower 
half). On both occasions three concentrations each of adrenaline (Adr.) and noradrenaline — 
(Nor.) were given during the course of continuous saline infusions into the left brachial artery. 
Marked fluctuations in biood flow occurred in both hands before operation, irrespective of the 
unilateral drug infusions. After operation notable unilateral vasoconstriction results from 
these infusions. 


Mr M.B.—right Preoperative 


Blood flow (ml./100 ml./min) 


Six days after preganglionic section 
L 


0 10 20 30 
Minutes 

Fig. 2. Blood flow in tested right hand (heavy line) and control left hand (interrupted line) of 

young man before and 6 days after preganglionic sympathectomy for Raynaud's disease. On 

both occasions solutions of adrenaline (Adr.) and of noradrenaline (Nor.) were infused into 

the right brachial artery. Before operation these had little effect, but after operation distinct 

vasoconstriction resulted from each infusion. 
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Response to noradrenaline before operation. At the lowest concentration 
(dr #g/min) at least one of the tested hands showed significant vasoconstriction, 
and the mean change for the group was 14% compared with 4% for 
adrenaline. | 


TABLE 3. Comparison of noradrenaline effects in thirty-four paired tests. The paired differences between 
pre- and postoperative responses are significant at the yg wg (t=2-22, P<0-05) and $ yg levels 


(t= 2-23, P=0-05) 
Before sympathectomy After sympathectomy 
"Mean blood flow "Mean blood flow 
(mi./100 ml./min) (ml./100 ml./min) 

Test hand Controlhand Test hand Controlhand — ‘ 
B-E 1009 =F 100 

Noradrenaline »g/min 
1 39 30 34 30 35 -—14 71 63 60 61 £=72 ~13 
2 34 32 24 27 38 -16 13-7 112 118 113 13-1 ~15 
3 133 16-7 lll 134 161 4 82 64 163 174 88 -27 
4 133 150 145 194 17:8 -~16 90 O4 -17 
5 45 36 56 53 43 ~16 96 56 52 40 74 — 24 
6 86 756 36 39 93 -19 10-7 77 8&1 68 90 ~14 
7 45 34 37 30 346 — 06 82 72 53 63 82 -12 
8 569 42 33 290 52 -19 23-3 19-4 23-2 263 26-4 —27 
9 113 128 74 81 12-4 3 156 169 141 186 20-6 -18 
10 5-1 | 36 679 87 — 36 132 108 82 88 14-2 — 24 
Mean 7-4 : -14% 119 -19% 
1 40 32 43 50 — 20 68 66 55 54 67 -l 
2 24 23 21 28 -14 124 10-4 120 12-1 12-5 -17 
3 18-9 15:7 16:3 17-6 7 73 34 148 #169 83 — 59 
4 125 125 143 14-2 -12 96 67 %T1l 69 94 — 29 
5 31 33 33 4-4 - 30 77 +41 #66 56 67 - 39 
6 96 50 60 -14 93 63 %72 %T3 - 33 
7 29 38 38 44 ~ 34 82 650 59 56 78 — 36 
8 47 31 43 58 -19 25:7 216 25:1 23-6 24-2 -ll 
ss) 103 115 12-5 10-2 1 194 158 16:2 170 20-4 — 23 
26 74 68 43 -40 122 99 87 91 128 - 23 
71 61 81 84 154 104 41 44 165 
105 91 Ill 134 ~—22 63 22 57 60 66 — 67 
564 60 61 78 ~3l 116 50 45 560 128 61 
-19% 117 ~ 34% 
Noradrenaline »g/min 
49 49 41] 1 -4 1156 80 60 60 411-5 — 30 
17 21 24 26 — 35 12:1 103 122 122 12-1 ~15 
108 148 91 92 17 67 24 195 190 65 — 63 
103 218 18-7 11:8 -13 80 53 69 72 83 — 36 
71 38 46 93 — 24 84 40 69 73 89 ~ 55 
26 41 39 47 — 45 88 25 61 49 71 — 65 
85 124 120 140 ~-39 187 90 168 179 19-9 — 55 
19 56 60 68 -72 121 84 98 96 11-9 — 29 
70 65 75 176 -8 141 87 41 41 141 — 38 
73 112 76 82 -ll 64 10 63 59 650 — 80 
27 54 49 63 — 57 104 27 65 51 946 —72 
-26% 106 -49% 


Abbreviations are as in Table 2. 
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With , ug noradrenaline four of the thirteen hands had over 25 % vasocon- 


- striction, the mean for the entire group being 19% compared with 11% for 
adrenaline. 


With the highest noradrenaline level (4 an five of eleven hands had over 


25% vasoconstriction, the mean for the group being 26% compared with 
16% for adrenaline (Tables 2 and 3). 


Noradrenaline therefore had consistently greater constrictor effect. than 
adrenaline in these hands at all dose levels. 


TABLE 4, Mean change in flow, in groups of hands, with adrenaline and noradrenaline, 


min 
on 
on 
(pg/min) Preoperative Preoperative 
vz No, 9 ) 10 10 
Mean -14 -19 
8.D. 11-0 11-7 5-9 
3-7 3-9 3-7 18 
ts No |. 13 13 13 13 
Mean -ll -19 34 
ee 17-0 16-9 13-4 19-7 
8.E. 4-7 4-7 3-7 5-5 
No. 10 1l 11 
Mean -16 —44 26 -49 
 $.D. 14-0 18-0 26-0 20-5 
S.E. 4-4 5-6 7-9 62 


No.=number of tests; mean= mean percentage effect [(B — #/H) x 100] for cle 
8.D.= standard deviation of group; s.B.=standard error of mean, 


Response to noradrenaline after sympathectomy. Although a slight increase 
in mean response was observed with noradrenaline z; ug/min a much greater 


change was seen, as with adrenaline, at the ;4, wg level. Of the thirteen hands 
eight had over 25% vasoconstriction compared with four before sympath- 
ectomy. Likewise with 4 ug/min ten of the eleven hands had more than 
25% vasoconstriction, compared with five before operation. The mean vaso- 
constriction at these two levels rose from 19 to 34% and from 26 to 49%, 
respectively. The paired differences between the hands before and after opera- 
tion are significant at the = ug (¢=2-22, P<0-05) and } yg levels (¢=2-23, 
P=0-05). Itis seen (Table 3) that the main cause of the greater noradrenaline 
response after operation was the development of increased constrictor sen- 
sitivity in hands 3, 6, 9, 11, 12 and 13—the same hands as exhibited enhanced 
sensitivity to adrenaline. 

After sympathectomy the mean vasoconstriction for the groups tested at 
the + and 4 yg levels remained somewhat greater for noradrenaline than for 
adrenaline (Table 4), but the increase in sensitivity was distinctly greater for 
adrenaline (2°7-2-8) than for noradrenaline (1-8—1-9). The dose-response curves 
for the two drugs (Fig. 3) show that the responses are roughly proportional to 
tae log. dose, especially for adrenaline. 
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DISCUSSION 


The present findings with respect to adrenaline may be compared with a 
data obtained under very similar conditions (Duff, 1952). In preoperative 
tests of a group of ten hands, most, like the present, with Raynaud’s disease, 
adrenaline ;4, wg/min caused an average vasoconstriction of 12° compared 
with 11% for the present series; and with } g/min the constriction was the 
same, 16%, for both. After sympathectomy the ten hands of the earlier series 
exhibited mean vasoconstriction of 36% with 7 .g/min, compared with 30% 


Adrenaline / 
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Fig. 3. Mean reduction in blood flow [(B - Z)/E x 100)] in thirteen hands tested before and after 
sympathectomy in response to different concentrations of adrenaline and noradrenaline in 
intra-arterial infusions, Noradrenaline is seen to have a greater constrictor effect than 
adrenaline in normally innervated hands, After sympathectomy the response to both agents 
is augmented. The effects are roughly proportional to the log. concentration agent which 
they are graphed. 


for the present group; and 4 wg/min caused 55 and 44% respectively. The 
slightly smaller increase in response of the present group after operation is in 
line with the finding that it included a smaller proportion of hands developing 
notable supersensitivity (six of thirteen compared with six of ten). In the 
earlier series five of the six supersensitive hands had been sympathectomized 
by preganglionic section, while two of the four failing to manifest greater 
sensitivity had been sympathectomized by ganglionectomy. In the present 
study seven of the thirteen hands were sympathectomized by ganglionectomy, 
_ of which three developed increased sensitivity; while three of the six having 
— section became more sensitive. 
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Information on the actual incidence of sensitivity following either type of 


sympathectomy in man is scanty but a failure to detect changes in a propor- 


tion of subjects has been noted (Stein, Harpuder & Byer, 1949). In laboratory 
animals the amount of sensitivity has been commonly thought to be greater 


after postganglionic. denervation than after preganglionic decentralization 


(LeCompte, 1941; Cannon & Rosenblueth, 1949). In man, however, the 


assumption that ganglionectomy causes more sensitivity has been challenged 


(Fatherree & Allen, 1938; Millonig, Harris & Gardner, 1950; Stein et al. 1949; 
Duff, 1952, 1953) and the present results further conflict with that assumption. 

The onset of increased sensitivity has been closely studied in animals and 
found to occur very soon (LeCompte, 1941) or even immediately (Deterling & 
Essex, 1949) after interruption of the sympathetic pathway. In man Freeman 
et al. (1934) failed to detect changes before the 8th day. In the present study 
two patients tested on the 4th day were more sensitive. 

In normally innervated subjects noradrenaline has generally been thought 
to cause more vasoconstriction than adrenaline (Goldenberg, Pines, Baldwin, 
Greene & Roh, 1948; Barcroft & Konzett, 1949) and the present study confirms 
this. At the two higher concentrations noradrenaline has been shown (Table 4) 
to cause, respectively, 70% and 60% more constriction. After sympathec- 
tomy the effect of noradrenaline was usually enhanced but the increase was 
not quite so great as that recorded with adrenaline. Differences in the re- 


sponses of sympathectomized smooth muscle to different sympathomimetic — 


amines have been noted in experimental animals (Lockett, 1950; Innes & 


- Kosterlitz, 1954) but these have still to be fully elucidated (Wakim & Essex, 


1952). 

According to Cannon’s ‘law of denervation’ (Cannon & Rosenblueth, 1949) 
sympathectomy necessarily results in vascular supersensitivity, and when the 
sympathetic pathway is cut distal to the ganglionic synapse (postganglionic 
denervation) the increase in sensitivity is much greater than that following 
preganglionic section. Two of the present findings are, therefore, in direct 
conflict with this: (1) that increased sensitivity was not demonstrable in a 
proportion of effectively sympathectomized hands; and (2) that ganglionectomy 


_ tended to cause no more sensitivity than preganglionic section. With respect 


also to sensitivity of vessels in muscular segments of limbs recent evidence 
(Duff, 1953) has revealed no notable difference between the two types of 
sympathectomy. The accumulation of such evidence must soon lead to a re- 
examination of the validity of Cannon’s hypothesis. 

Closely related is the problem of the return of tone in vessels following the 
marked vasodilatation accompanying sympathectomy. Perhaps the most 
prevalent hypothesis attributes the restoration of tone to the development 


of inereased sensitivity to circulating adrenaline. Vasodilatation of the 


hand begins to diminish 2 or 3 days after sympathectomy and has largely 
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~ disappeared by the end of a week (Barcroft & Walker, 1949; Duff, 1951). 
The demonstration of distinctly increased sensitivity as early as the 4th post- 
operative day is compatible with this hypothesis, as is the finding of about 
equal increases in sensitivity with both types of operation, for it has already 
been shown (Barcroft & Walker, 1949; Duff, 1951) that return of tone is about 
equal after both operations. But tone returns to the vessels in all sympath- 
ectomized hands while some of these hands do not develop supersensitivity. 
Evidence in further conflict with the hypothesis is provided in Table 2— 
supersensitivity was often present in hands during their hyperaemic phase; 
indeed the average control level of flow in the postoperative hands was 
regularly greater than in the same hands before operation. The process of tone 
recovery is more or less complete within a week or so, but the increased 
sensitivity of vessels in skin and muscle persists much longer, even for a year 
or more (Duff, 1952, 1953). Thus although the sensitivity theory of return of 
tone is compatible with some of the above findings it conflicts with the 
majority. 

It is appropriate to consider briefly the question of the nature of the process 
underlying vascular responses to circulating hormones. In Tables 2, 3 and 
Fig. 3 it is shown that normally noradrenaline is a more powerful constrictor 
than adrenaline. For example, at the ¢ yg level adrenaline in contrast to 
noradrenaline had virtually no effect even after sympathectomy. This may 
indicate a lower threshold of skin vessels to noradrenaline or may merely 
reflect the opposing influence of the adrenaline dilator effect in vessels of the 
_ skeletal muscles of the hand. After sympathectomy the increased mean re- 
sponse to noradrenaline was not significantly greater than with adrenaline. 
This may be interpreted as a lowering of the threshold to about the same 
level for both substances. Individual hands became distinctly more sensitive 
either to both or to neither substance. The presence or absence of the pheno- 
menon (as measured by (B-F)/E x 100) seemed to bear little relation to the 
level of blood flow in individual hands (Tables 2 and 3), which would seem to 
indicate some purely biological change in the reactivity of cells in the vessel 
walls, independent of the physical phenomena associated with the increased 
flow through the sympathectomized vasculature. A connexion between con- 
tractility and tone of smooth muscle sphincters may well contribute to the 
increased reactivity of sympathectomized vessels, but information on the 
nature of that relationship is at present too scanty to justify further speculation. 


SUMMARY 
1. The effects on hand blood flow of infusing separately adrenaline and 
noradrenaline into the brachial artery have been measured in ten patients by 
venous occlusion plethysmography. 
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2. In thirteen hands of subjects mostly suffering from Raynaud’s disease 
the responses to graded amounts of the two substances have been compared 
before and some days after surgical sympathectomy. 

3. Before operation noradrenaline caused on average more constriction 
than equal amounts of adrenaline at all dose levels. 

4, After sympathectomy the average constriction of the hands with both 
adrenaline and noradrenaline was increased. The mean increase for the group 
was about threefold for adrenaline and twofold for noradrenaline. 

5. The increased sensitivity to both adrenaline and noradrenaline was 
confined largely to six of the thirteen hands, three of which were sympath- 
ectomized by preganglionic section and three by ganglionectomy. 

6. In the remaining seven hands definite evidence of enhanced sensitivity 
was not obtained. Four of these hands were sympathectomized by ganglion- 
ectomy and three by preganglionic section. 

7. Two subjects tested as early as the 4th postoperative day had demon- 
strable increased sensitivity to adrenaline and noradrenaline. 

8, The findings have been discussed with particular reference to increased 
sensitivity and recovery of tone in vessels following sympathectomy. 
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Paterson Ross, Mr J. B. Kinmonth, Mr E. G. Tuckwell, Mr D. J. Robertson and Mr G, W. Taylor. 
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Dr G. W. Hayward and Prof. R. V. Christie; and the valuable technical and secretarial assistance 
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THE KINETICS OF HUMAN HAEMOGLOBIN IN SOLUTION 
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One of the original objects, which Hartridge & Roughton (1923) had in mind 
in developing their method of measuring the velocity of rapid chemical reac- 
tions, was to estimate the extents to which the rates of the reactions of haemo- 
globin, in the intact red cell, with oxygen and/or carbon monoxide limit the 
rate of uptake of these gases in the human lung. For these purposes, measure- 
ments are necessary of the rates of these reactions in human blood solutions 
and suspensions at physiological pH and temperature. Such determinations 
are so far almost wholly lacking, the only exceptions being the data obtained 
by Roughton (19454) on the rate at which carbon monoxide displaces oxygen 
from combination with oxygenated human haemoglobin, in solution and in 
red cell suspensions. These data were used by him (19456) in estimating, by 
a theoretical method, the average time spent by the blood in traversing the 
capillaries of the lung. It is the aim of the present paper to fill some of the 
many existing gaps in knowledge as to the kinetics, im vitro, of human haemo- 
globin in solution and in the red cell, not only for the intrinsic interest of such 
studies, but also to provide the necessary basis for the solution of _ 

problems of physiological interest in human subjects in vivo. — 

The present paper contains measurements of: 
(i) The rate of combination of (a) oxygen, (b) carbon monoxide, at 37°C, with 
human haemoglobin, both in dilute solution and in suspensions of intact red cells. 
(ii) The effect of temperature on (a) the rate of combination of carbon mon- 
oxide with dilute human haemoglobin solutions, (b) the rate of dissociaton of the 
first oxygen molecule from fully saturated human oxyhaemoglobin solutions. 
* Research Fellow of the Swiss Academy of Medical Sciences. Present address: Institute of 
Physiology, University of Fribourg, Switzerland. 

+ Scholar of the Italian National Research Council. Present address: Institute of Human 
Physiology, University of Turin, Italy. 
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(iii) The overall velocity of dissociation of human oxyhaemoglobin solutions 
in presence of sodium hydrosulphite at room temperature. 

Most of the experiments on the haemoglobin solutions were done by 
Gibson’s (1954) stopped-flow method, though in some cases Dalziel’s (1953) 
method, the original method of Hartridge & Roughton (1923; see also Rough- 
ton, 1934) or a modification of Millikan’s (1933a) method were used. Gibson’s 
method, with its high accuracy and small fluid requirements, is particularly 
suited for the examination of human blood solutions. Unfortunately, however, 
it appears quite unsuited in its present form for the study of human red cell 
suspensions, for pilot experiments showed that the records obtained after 
sudden stoppage of red cell suspensions were ruined by unmanageable amounts 
of noise, probably caused by irregular changes in light scattering by the red 
cells. Dalziel’s method also proved unsuitable for red cell suspensions in most 
cases. The reversion spectroscope, however, is much less affected by changes 
in light scattering and in turbidity than are photo-electronic methods, and was 
found to be roughly usable for our present purposes just as it was in Hartridge 
& Roughton’s (1927) observations on sheep red cell suspensions at room 
temperature. Almost all the data on red cell suspensions reported in this 
paper were in fact obtained with the reversion spectroscope, though the results 
on carbon monoxide uptake were more erratic than those on oxygen uptake, 
owing to the fact that the «-band of carboxyhaemoglobin is much less sharp 
than that of oxyhaemoglobin. Towards the end of the work, however, con- 
firmatory and much more satisfactory data were obtained with a very effective 
modification of Millikan’s method. This latter technique was developed in 
conjunction with Drs R. E. Forster and W. Briscoe, during a recent 3-month 
visit by two of us (F.K. and F.J. W.R.) to the Department of Physiology and 
Pharmacology in the Graduate School of Medicine, University of Pennsy]- 
vania, Philadelphia. It has proved more accurate and powerful than either of 
the two methods previously used for the study of sheep red cell suspensions, 
viz. the reversion spectroscope method (Hartridge & Roughton, 1927) or the 
unmodified Millikan method (see Legge & Roughton, 1950). The experimental 
details and results of its use will be described in a later paper. 


I. THE KINETICS OF HUMAN HAEMOGLOBIN SOLUTIONS 

General methods 

The procedure, in the application of Gibson’s stopped flow technique, was 
precisely similar to that employed by Gibson & Roughton (1955) in their work 
with sheep blood. Both Dalziel’s technique and the original method of 
Hartridge & Roughton were used without essential modification, save that the 
reagent containers were thermoregulated, as were also the observation tubes 
and the leads from the containers to the mixing chamber. 
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A. The combination of oxygen with human haemoglobin solution at 37° C 
Experimental detasls 

Experiments were done on samples of freshly drawn heparinized blood from two men (F.K. 
and H.G.) and one woman (P.F.). The blood samples were centrifuged, and the cells laked by 
addition of 8 parts of distilled water. After allowing 10 min for completion of laking the solutions 
were diluted with phosphate buffer, pH 7-1, to a final concentration of 1 part of original blood in 
200 parts of solution. For each of the three bloods, determinations were made of the rate of 
combination of oxygen with (a) fully reduced haemoglobin, i.e. 100% Hb, (6) haemoglobin, one- 
third saturated with oxygen (approximately), i.e. 67% Hb, 33% O,Hb, (c) haemoglobin, two- 
thirds saturated with oxygen (approximately), i.e. 33% Hb, 67% O,Hb. In case (a), the haemo- 
globin solutions were completely deoxygenated, whereas in cases (b) and (c) appropriate mixtures 
of reduced and oxygenated haemoglobin solutions were equilibrated with the partial pressures of 
oxygen required to give the corresponding percentage saturation, according to the data of Hill & 
Wolvekamp (1936), The solutions of oxygen, for mixing with the haemoglobin solutions in Gibson’s 
apparatus (which was the only method used for the O,+Hb studies), were simply prepared by 
equilibrating distilled water in a tonometer with a partial pressure of oxygen such as to give a 
concentration of 0-086 mm-O, in all cases. Light of mean wavelength 430 my was used for recording 
the changes in % O,Hb in the observation tube. 


Experimental results 

Fig. 1 gives the result of a typical experiment on the rate of combination of 
oxygen with completely reduced haemoglobin at 37° C, pH 7-1 (subject P.F.). 
The concentrations of the mixed reagents at zero time were 0-043 mm-O, and 
0-020 mm-Hb (1 mm [Hb] corresponds to a gas combining capacity of 22-4 c.c. 
per litre of solution). Owing to the relatively low affinity of oxygen for 
haemoglobin at physiological pH and temperature, the reacting solution 
reaches an end-point at about 75°% O,Hb. The earliest observed point is seen 
to be at 17% saturation. Points at even lower percentage saturation would 
have been desirable, but with the existing time range of the apparatus these 
could only have been obtained by lowering the initial concentration of dis- 
solved oxygen in the mixed fluid, with the result that the final percentage 
saturation would have also been so lowered that no advantage would have 
been gained. Such factors do indeed restrict rather narrowly the range of 
concentration of reagents which are feasible in the study of the present 
reaction. | 

Table 1 summarizes our data at pH 7:1, 37° C, in terms of k’, the overall 
velocity constant of combination used by Hartridge & Roughton (1925), as 
calculated from the equation 


=k [0,] [Hb]. 


This equation is only exact in the earliest stages of the reaction, during which 
the calculated value of k’=ki/4, where k{ is the velocity constant of the first 


intermediate reaction, Hb, +0, > Hb,O, (see Gibson & Roughton, 1955). As 
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the reaction proceeds further the calculated value of k’ is subject to two dis- 
torting influences which, however, work in opposite directions. Owing to the 
high rate of dissociation of oxyhaemoglobin it is necessary to add to equation (1) 
a back reaction term, —k [O,Hb], where & is the overall velocity constant for 
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Fig. 1. Rate of combination of 0-043 mm-oxygen with 0-020 mm-reduced human 
haemoglobin solution at pH 7-1, 37° C. 


TaBie 1. Values of k’, in mm-'. sec~, the overall velocity constant for the rate of combination 
of oxygen with haemoglobin in dilute solutions of human haemoglobin from three subjects 
(Temperature 37° C, pH 7-1) 


Subject... BK. H.G. P.F. 
k’ x 10-* (100% Hb) 3-2 53 2-1 
k’ x 10-8 (67% Hb, 33% O,Hb) 2-8 5-7 2:5 
k’ x 10-8 (33% Hb, 67% Hb) 33 nee 1-7 


the dissociation of oxyhaemoglobin. Neglect of this term would cause the 
values of k’, when calculated by applying equation (1) to the later stages of the 
reaction, to be too low. On the other hand, as the reaction proceeds the in- 
fluence of the later intermediate reactions Hb,O, + 0, -- Hb,O, (velocity con- 
stant k,), Hb,0,+ 0, Hb,O, (velocity constant, ks) and Hb,O, +0, + Hb,0; 
(velocity constant, k4) will be increasingly felt. In the case of sheep haemo- 
globin, the value of k, at. 19° C is believed to be about three times greater than 
the value of k, (Gibson & Roughton, 1955), and a similar relation is very 
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probably true also of human haemoglobin. The calculated value of k’ would, 
on this account, be expected to rise as is indeed seen (see Fig. 2) in the case 


_ of I’, the velocity constant of the analogous reaction of carbon monoxide with 


haemoglobin (see also Legge & Roughton, 1950, fig. 4). In the latter case the 
situation is far more clear-cut owing to the rate of dissociation of carboxy- 
haemoglobin being so slow that no back reaction velocity term needs to be 


included in the equation corresponding to (1). From the physico-chemical 


point of view it would be far preferable to study the rate of combination 
of 0, and Hb at 0° C than at 37°C, since the back reaction velocity term is 
only of the order of one-hundredth as great at 0° C as at 37° C: furthermore, 
owing to the far higher affinity of haemoglobin for oxygen at 0° C, it would 
be possible to halve the [0,] and still attain a final % O,Hb in the range 
90-100 %. 

Although the estimations of k’ at 37° C are admittedly somewhat unsatis- 
factory, approximate calculations make it likely that the two opposing in- 
fluences just discussed may cancel one another out to such an extent that our 
calculated values of k’ over the first third or so of the reaction may not differ 


S by more than 15% at most from the values of k’ which would be obtained in 
_ the earliest stages (if these were available), wherein k’ has the definite physico- 


chemical significance of being equal to k’,/4. With this reservation, which it is 
hoped to reduce or remove by further work, it may be provisionally concluded 
from Table 1 that (i) the rate of combination is quite similar to that found with 
sheep haemoglobin, though as in the latter there are appreciable individual 
variations, and that (ii) partial saturation of the haemoglobin with oxygen 
leads to no significant change in k’. — 


B. The combination of carbon monoxide with human haemoglobin solutions 
Experimental details 


The majority of experiments at 37° C were done by Gibson’s method on the bloods, again, of 
subjects F.K., H.G. and P.F. The solutions were generally prepared in the same way as for the 
experiments on the rate of combination of oxygen with haemoglobin, save of course that solutions 
of CO were used instead of solutions of O,. Light of the same wavelength (430 my) was used for 


the photo-electronic recording of the reaction changes. A few experiments were also done on the 


blood of these three subjects plus a fourth subject (W.W.F., male), by means of Dalziel’s method, 
the reversion spectroscope method and the modified Millikan method. The preparation of the 
solutions was y similar, but the concentrations of reagents varied considerably with the 
method employed. Thus the [Hb] after mixture was usually about 0-2 mm for Dalziel’s method, 
about 0-06 mm for the reversion spectroscope method and 0-04 mm for the modified Millikan method, 
whereas the concentration used in Gibson’s method was, as before, 0-02 mm. Such variations do 
not seem to affect significantly the values of the velocity constant (v. Table 3). 


Experimental results at 37° C 
Table 2 (columns I and II) shows the results of a typical experiment on the 
rate of combination of carbon monoxide (0-02 ma, after mixture) with reduced 
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haemoglobin (0-016 mm, after mixture) (subject P.F.). In the case of carbon 
monoxide, the equation analogous to ene (1) is | 


[00] 
where | | 
2=[COHb]= moles CO combined with haemoglobin per litre, 
B=[CO]+[COHD], 
y =[COHb]+[Hb]. 


TastE 2. Rate of combination of 0-02 mm [CO] with 0-016 mm [Hb] (subject P. F.) 
at pH 7:1, temperature 37° C rae 


% COHb 


I 100 ae COHb at zero 
Time (msec) (ie.%COHb) .  time=10) 
0 0 
17-4 25-7 
28 32-6 39-3 
42 44-1 49-7 
53-0 57-7 
70 60-0 64-0 
84 65-3 68-8 
98. 69-6 72-6 


Integration over the time range t,—t, gives 


where 2, 2. are the respective values of z at times ¢,, t.. Fig. 2 gives a plot of 
In (B—z)/(y—z) versus time for the points recorded in columns I and II, 
Table 2.. If equation (2) covers the whole course of the reaction, the points 
should fall on a straight line, of slope equal to l’ (B—y). Actually, however, as 
in previous similar cases (Legge & Roughton, 1950; Gibson & Roughton, 1955), 
the slope of the curve steadily increases—very slowly during the first quarter 
of the reaction (0-25 % COHb), but thereafter with increasing speed. During 
the earliest stages, in which the curve becomes asymptotic to the broken 
straight line in Fig. 2, the rate of the whole reaction is governed by that of the 
first member of the four successive reactions, ie. Hb,+CO—- Hb,CO, the 
velocity constant of which, i.e. 1; , is equal to four times the initial value of I’, 
given by the slope of the broken line (see Gibson & Roughton, 1955). The 
initial value of I’, from Fig. 2, is found to be 8-0 x 10? mm. sec-1, and the value 
of |; is accordingly 3-2 x 10® mm-1, sec. The steady steepening of the curve in 
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Fig. 2, after the initial stage, is due to the progressive participation of the 
later intermediate reactions Hb,CO+CO + Hb, (CO), (velocity constant 1;), 
Hb, (CO),+CO + Hb, (CO), (velocity constant 43) and Hb, (CO),+CO +. 


Hb, (CO), (velocity constant 4), especially the last of these for which the 
velocity constant in the case of sheep haemoglobin is of the order of 20 times 
greater than I; , /,, orl,. Owing to the lack of back reaction terms (see above), 


j 
100 


| 
0 20 


Time (msec) 


Fig. 2, Graph of In [(8 —2z)/(y . z)] versus time. The increasing slope of the graph with . 
time indicates a steady rise in I’. 


- Gibson & Roughton (1953) have been able to calculate actual numerical values 


for all four velocity constants 1, 1;, 1; and 1 for sheep haemoglobin. It is 
hoped, in due course, that it will also be possible to estimate ;, 1,, 13 and |, 
for human haemoglobin, 7 | 

The data in column II of Table 2 were derived on the assumption that the 
reduced haemoglobin solution, prior to mixture with the aqueous CO solution, 
contained no traces of COHb. Blood samples from habitual smokers such as 
the subject P.F. usually, however, contain from 5 to 10% (at most) of the 
haemoglobin in the form of COHb. This initial % COHb was not measured, 
because its effect on the calculated value of I’, in the case of measurements by 


Gibson’s method, can be shown to be insignificant. (The same is true also of the 
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Dalziel and the modified Millikan methods, but not of the reversion spectro- 
scope method.) The basis for this statement is as follows: each value of the 
COHb in Table 2 is calculated from the optical density d, of the solution at 
time t, the optical densities d,at zero time (at which the haemoglobin is taken 
as 100% Hb) and d, at the end of the reaction (at which the haemoglobin is 
taken as 100° COHb). In all the experiments in this paper the initial [CO] 
was at least equal to the initial [Hb] and d,, therefore did always correspond 
to 100% COHb. But if, to take an extreme example, the % COHb at zero 
time is really 10% and not 0%, as previously assumed, then each % COHb in ~ 
Table 2 would need correction, the true value of the 9% COHb being 10% + 
(100 — 10)/100 times the value of the % COHb given in column II of Table 2. 


TaBLE 3. Initial values of I’ x 10-* (mm~'. sec~), the overall velocity constant of combination _ 
of carbon monoxide with reduced haemoglobin from four subjects. Temperature 37° C, 
pH 7-1, by four methods | 


Reversion Modified 

ibson’s spectroscope Dalziel’s Millikan 

Subject method - method method method Mean 

F.K. 4-7 6-0 5-8 5-5 

H.G, 6-0 6-2 6-1 

P.F. 8-2 9-0 8-6 

W.W.F. 6-2 6-6 7:3 6-7 
ae General mean 6-7 


Column III gives the values of the %% COHb, on the assumption that 94 COHb= 
10 at¢=0. Substitution of the values of z, corresponding to the values of the 
°, COHb in column ITI, in equation (3) would lead to numerical increases of 
the term within the square brackets, but this would be almost exactly com- 
pensated by corresponding increases in B—+y. Calculation indeed shows that 
l’ as calculated over the first time interval (0-14 msec) would be equal to 7-94, 
if the % COHb at zero time = 10%, as compared with the value of 8-0 for I’, if 
the % COHb at zero time=0%, as previously assumed. Such a small dif- 
ference is well within the limits of error of the present measurements. 

Table 3 summarizes the initial values of l’ at 37° C for the four subjects by 
the four different methods. The agreement is generally fair, the results by 
Gibson’s method, which is the most accurate of the set of methods, tending — 
however to be somewhat lower than the average values—especially in the case 
of the blood of F.K. It is clear, however, that as with k’ there is an appreciable 
variation of l’ from individual to individual. 

Table 4 gives some values of l’ for combination of carbon monoxide with 
haemoglobin solutions partially saturated with oxygen, such as occurs in vivo 
when men are exposed, whether by hazard or for experimental purposes, to 
atmospheres containing low percentages of carbon monoxide. Such data are 
not only of intrinsic interest but are also needed for interpreting the rate of 
uptake of carbon monoxide by red cell suspensions under similar conditions. 
The value of l’ for % O,Hb=33 initially agrees closely with that of l’ for 
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_ % O,Hb =zero initially, but for %0,Hb=67 initially the value of I’, in two 
out of the three cases, is considerably higher. Such a difference, if substan- 
tiated by further work, would presumably be due to the velocity constant of 


the reaction Hb,0,+CO Hb,0,(CO) being considerably greater than the 


velocity constant of combination of carbon monoxide with Hb,0,, Hb,O, or 
Hb, (see above for similar suggestion in regard to the velocity constant of the 
reaction Hb,(CO),+CO + Hb,(CO),). At 67% O,Hb initially, the reaction 
Hb,0,+CO + Hb,0,(CO) should be present in much more marked degree than 


at 33° O,Hb or zero % O,Hb. It must, however, be admitted that the values _ 


assumed for the actual initial % O,Hb in the experiments with partially 
saturated haemoglobin were open to appreciable doubt, especially in the case 
of the ‘67%’ O,Hb solutions. In future work measures should be taken to 
narrow down or eliminate such uncertainty. 


TaBLE 4, Values of U’ x 10-* (in mm-. sec~*), the overall velocity constant of combination of 
carbon monoxide with haemoglobin at various initial %O,Hb’s. (Temperature 37° C, pH 7-1) 


Initial % Hb Initial %O,Hb F.K. H.G. P.F, 


100 0 4-7 6:7 8-0 
67 33 4:7 78 73 
33 67 11-8 8-4 


The effect of temperature on |’ at pH 7-4, temperature range 16 to 36° C 
(Determinations by E. Meda.) 


Fig. 3 shows an Arrhenius plot of log,, /’ against 1/7 (absolute temperature) 
for haemoglobin solutions prepared from the bloods of seven men. The measure- 
ments were made by Gibson’s method, but at higher [CO], i.e. 0-07-0-50 mm 
after mixture, and higher [Hb], i.e. 0-11-0-15 mm after mixture, than in the 
previously quoted experiments by Gibson’s method. The blood was defibrinated, 
laked with water, filtered through filter paper, diluted 30-40 times with 
phosphate buffer, pH 7-4 (final phosphate concentration =0-05 m), and reduced 
by repeated shaking with oxygen-free nitrogen. Light of average wavelength 
480 my, instead of 430 my, was used for the photo-electronic recording of the 
reaction changes. Individual variations of the order of + 12% from the mean 
were again observed, as in the data of Table 4. The average value of I’ at 37° C 
(by extrapolation) is 5-25 x 10* (mm~!. sec-), which agrees closely with the 
value for F.K. in Table 3, but is appreciably lower than the mean value given 
in that table. In view, however, of the size of the individual variations, it is 
doubtful whether such a difference is significant. The average energy of 
activation over the range is 9000 cal, and the temperature coefficient per 10° C, 
i.e. Qo, is 1+7. This figure agrees fairly closely with those found by Roughton 
(1934) for sheep haemoglobin. , 
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Temperature (°C) 
28 = 


2757 


244 


00034 0-0033 0-0032 
Reciprocal of absolute temperature 


> Fig. 3. Effect of temperature on J’ for human haemoglobin at pH 7-4. 


_... ©, The dissociation of oxygen from human haemoglobin solutions 

. Determinations of k,. Values of k,, the velocity constant of the reaction 
Hb,0, > Hb,O, + 0,, were determined by Gibson & Roughton’s (1955) method 
on four samples of blood solution at pH’s 7-1 and 9-1, temperature 18° C, 
together with the temperature coefficients of k, at these two pH’s. The method 
consists essentially of measuring the rates of displacement of oxygen by carbon 
monoxide from combination with haemoglobin, at constant. initial [CO] but 
with the oxyhaemoglobin initially in equilibrium with a series of different 
_ partial pressures of oxygen (pO,), ranging from about 0-2 to 1-0 atm. The 
reciprocal of the overall rate of displacement is plotted as ordinate against the 
pO, of the oxyhaemoglobin solution. A’straight line’is thereby obtained, the 
intercept of which on the ordinate axis is equal to 4/k,. All the k, experiments 
were done with solutions containing 1 part blood in 100 parts solution after 
mixture (m/40-phosphate buffer at pH 7-1, m/80-borate buffer at pH 9-1). Light 
‘of wavelength 450 my was used for the photo-electronic recording of the reac- 
tions, Table 5, columns II and III, summarizes the results for the blood of three 
subjects, at pH’s 7-1 and 9-1, and temperature 18° C. There is again the usual 
scatter due to variations in the haemoglobin from different individuals. The 
mean value of k, for human haemoglobin at pH 9-1, 18° C, however, agrees 
with that of k, for sheep haemoglobin, within the limits of error: furthermore, 
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the very slight effect of pH (see later) and the marked effect of temperature, 
which is. shown in Fig. 4A and B, are quantitatively, practically identical in 
the two species of haemoglobin. The average energies of activation over the 
range 5-25° C for the k, of human haemoglobin are 19,600 cal at pH 7-1 and 
19,000 cal at pH 9-1, and the corresponding temperature coefficients 3-2 and 
3-1 per 10° C. 
" Taste 5, Values of k, and k at pH 7-1 and pH 9-1, 18°C 


I II Tit IV V 
Subject pH 7-1 k,atpH9l katpH7l kat pH 9-1 
Pies’: 24-6 27-0 21-0 13-0 


Temperature (°C) 
0 5 10 15 20 25 30 
T T 


j 
0-0036 00035 00034 0-0033 . 
Reciprocal of absolute temperature. 


Fig. 4. Effect of temperature on k, for human haemoglobin, A, at pH 7-1; B, at pH 9-1. 


Determination of k. The overall rate of dissociation of oxyhaemoglobin in 
presence of sodium hydrosulphite (Hartridge & Roughton, 1923; Millikan, 
19336) is usually expressed by the equation 


Legge & Roughton (1950), however, showed that kis not constant but increases 
as the reaction proceeds: k usually reaches a plateau value when thereaction 
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is about one-third to one-half complete. This behaviour is due to the fact that 
in the earliest stages the main reaction proceeding is Hb,O, > Hb,O,+0,, but 
later on the influences of the subsequent dissociation reactions make them- 
selves felt, viz. Hb,O, Hb,O, + 0, (velocity constant k,), Hb,O, > Hb,0O,+0, 
(velocity constant k,), Hb,O, + Hb,+0, (velocity constant ,). Table 5, 
columns IV and V, shows vachans of k He over the first third of the 
reaction, for the same solutions as were used for columns II and III, save that 
the non-haemoglobin solutions contained 0-8% Na,8,0, 

The values of k for human haemoglobin in Table 5 are about three-quarters 
of those for sheep haemoglobin under similar conditions, in agreement with the 
observations of Millikan (1933) on the haemoglobins of these two species. 

Comparison of columns IV and V in Table 5 shows that k at pH 7:1 is on 
the average 2-5 times greater than k at pH 9-1 as was also observed by Hart- 
ridge & Roughton (1923) in their early measurements on sheep haemoglobin. . 
Columns IT and ITT, on the other hand, show that k, at pH 7:1 is on the average 
only 1-1 times’ greater than k, at pH 9-1. This striking difference between the 
effects of pH on k, and on k would have merited detailed discussion, were it not 
that experiments with sheep haemoglobin have recently given strong indica- 
tions that at pH 7-1 sodium hydrosulphite may have some rapid direct action 
on haemoglobin, in addition to the indirect effect it exerts by combining with 
the dissolved oxygen in equilibrium with the haemoglobin. The matter is at 
present being further investigated. 


Il. THE KINETICS OF HUMAN RED CELL SUSPENSIONS 


Most of the experiments now to be described were done with fully reduced 
suspensions of human red cells, measurements being made of the rate of com- 
bination therewith of (A) dissolved oxygen and (B) dissolved carbon monoxide. 
Some measurements were, however, also made with red cells already partially 
saturated with oxygen before being mixed in the reaction velocity apparatus 
with dissolved oxygen or carbon monoxide. Such experiments, though less 
easy to interpret physico-chemically, correspond more closely to conditions 
in the lungs in vivo than do experiments with fully reduced red cell suspensions. 


A. The combination of oxygen with human red cell suspensions at 37° C 
Experimental details 


wore dice cn of of three K. and H.G. as 
previously, plus W.W.F.) and one woman (P.F., as previously). All the subjects were normal 
healthy adults in the 25-35 age group. Our thanks are due to Dr Walker, Dr Cameron and the 
staff of the Blood Transfusion Service, Regional Centre, Cambridge, for drawing the samples 
(usually 200-300 ml.). 

Preparation of red cell suspensions. The whole blood sample was first completely reduced by 
evacuation and low-pressure boiling, as described by Forbes & Roughton (1931). 35 ml. of the 
reduced blood was then transferred anaerobically, by means of an inverted burette with attached 
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mercury reservoir, to a vacuous 3 1. bottle, which already contained 2 1. of completely deaerated 
Ringer-Locke* or Ringer-Tyrodef solution. The blood and the solution were quickly mixed and 
then brought to a temperature of 37-38° C by pumping water at this temperature round the out- 
side of the bottle for 1-2 hr. For this purpose it was convenient to enclose the bottle in numerous 
coils of lead tubing, the latter in turn being surrounded by a felt jacket, as described by Roughton 
(1930, see fig. 1 of that paper). 

For experiments in which the red cells were to be one-third saturated with oxygen before 
mixture, 30 ml. of the completely reduced blood was drawn into the inverted burette and then 
15 ml. of aerated blood into the same burette, the two portions of blood being mixed therein by 
shaking with mercury, without contact with air. The mixed 45 ml. of blood was then delivered 
anaerobically into a 3 1, bottle, containing 2 1. of Ringer-Locke or Ringer-Tyrode solution which 
had been previously warmed to 37° C and had been brought into equilibrium with a gas mixture 
containing oxygen at partial pressure (p0,) equal to about 20 mm Hg. On mixing the blood and 
solution with the gas mixture of this pO,, the red cell suspension finally becomes 35+.5% saturated. 
A similar procedure was adopted if the red cells were to be two-thirds saturated before mixture, 
except that in this case 15 ml. of the completely reduced blood was mixed with 30 ml. of aerated 
blood, and then delivered into 2 1. of solution, which had been previously equilibrated at 37° C 
with a pO, of 40 mm Hg. 

Preparation of gas-containing solutions. 2 1. of Ringer-Tyrode or Ringer—Locke solution was 
warmed to 37° C in a 3 1, bottle, enclosed in a lead coil and felt jacket, and then equilibrated with 
oxygen at pressures ranging from 150 to 300 mm Hg, so as to give concentrations of dissolved 
oxygen within the normal physiological range (i.e. similar to those found in arterial blood). The 
actual concentrations were measured gasometrically by the Van Slyke methods. | 

The bottles, containing suspension and solution respectively, were then connected up with a 
Hartridge—-Roughton rapid reaction velocity apparatus of the conventional type, save that the 
leads from the bottles to the mixing chamber were jacketed by wide polythene tubing, the mixing 
chamber was made of Perspex and together with the attached observation tube was enclosed in 
a water-tight Perspex box. Water at a controlled temperature of 37-38° C was pumped in series 
for } hr or more through the lead coils surrounding the bottles, through the polythene tubes sur- 
rounding the leads and the Perspex box enclosing the mixing chamber and the observation tube. 


In this way all parts of the apparatus were adjusted to 37° C and the experiment proper was ready . 


to start. With the constant temperature water still circulating, fluids from the two bottles were 
driven into the mixing chamber by means of nitrogen} at 1} atm (in the case of experiments on 
completely reduced cell suspensions) and readings taken with the reversion spectroscope at various 
distances along the observation tube. In our early experiments sedimentation of the red cell 
suspension was prevented by shaking for about 15 sec just before each reading. Latterly, however, 
the red cell suspensions have been continuously stirred by a magnetic stirrer. For measurement 
by the reversion spectroscope of the % O,Hb in a mixture of oxygenated and reduced haemoglobin 
it is necessary (Hartridge & Roughton, 1923): (a) to include also an auxiliary trough containing 
COHb in the path of the light beam illuminating the observation tube and the spectroscope; 
(b) to take readings, at each observation point, not only on the flowing, reacting, suspension but 
also on the fully oxygenated suspension in which the haemoglobin is 100% saturated. The latter 
reading was obtained by collecting the effluent in a vessel warmed to 37° C, aerating it and then 
blowing it back through the observation tube, From these two readings, the % O,Hb in the 
reacting suspension was calculated in the way described by Hartridge & Roughton (1923, 1927). 

The experiments on the red cell suspensions, initially 35% saturated with oxygen, were carried 
out in the same way except that a gas mixture containing 98% N, and 2% O, was used to drive 


* Composition of Ringer-Locke: 9-0 g NaCl, 0-42 g KCI, 0-24 g CaCl,, 0-2 g NaHCO, per litre, 
~ + Composition of Ringer-Tyrode: 10 g NaCl, 0-22 g KCI, 0-22 g CaCl, 1-0 g NaHCO,, 0-54 g 
KH,PO, per litre. 

t British Oxygen Co. White star nitrogen, guaran 
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the suspensions, in place of pure N,. The pO, of such a mixture, if applied at a total pressure of 

1} atm, is about 20 mm Hg, which is approximately in equilibrium with 35% O,Hb in human 

red cell suspensions at physiological pH and 37°C. No net exchange of oxygen between the gas __ 

phase and the red cell suspension should thus occur when these two phases are shaken together. 
70 i 


20. 
10 F 


Time (msec) 


Fig. 5. Rate of combination of oxygen with reduced red cell suspensions at 37° C, 
blood of subject F.K., x = blood of subject P.F. 


Experimental results 
| Fig. 5 shows the rate of combination of dissolved oxygen (0-16 mm just after 
i. mixture) with fully reduced suspensions of red cells in Ringer-Tyrode solution, 
iy prepared as above from the blood of F. K. and of P. F. The scatter of the points 
is within experimental error, and the smooth curve drawn through them 
| tallies satisfactorily, over the range 0-35 % O,Hb, with the more reliable curves 
| subsequently obtained by the modified Millikan method. Experiments were 
| also done on red cell suspensions of the blood of H.G. and W.W.F., but at 
different oxygen concentrations: when allowance was made for the latter, the 
results agreed quite closely with those of Fig. 5. Over the four samples of 
human blood tested there was, in fact, no marked evidence of individual 
variations within the species. ) 
The pH of the Ringer-Tyrode suspending fluid is normally rather alkaline 
(i.e. c. 8): adjustment to the physiological pH range (7-1-7-4) by shaking with 
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carbon dioxide at a partial pressure of 60 mm Hg had practically no effect on 


the initial rate of oxygen uptake (between 0 and 15 % O,Hb), but the later 


stages were slowed down by 50% or more, due presumably to the fact that the 
overall rate of the back reaction, i.e. the dissociation of oxyhaemoglobin, is 
much faster at the more acid pH. These observations were again made by the 
modified Millikan method and will be described fully in a later paper. 


100 
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Time (msec) 
Fig. 6. Rate of combination of oxygen with red cell suspensions containing initially (i) 0% O,Hb 
(circles), (ii) 35% O,Hb (crosses). In case (ii) the time axis is displaced 40 msec to the right 
so as to make the initial point fall on curve (i). Blood of subject H.G. Temperature= 37° C, 


Fig. 6 shows a comparison of the rates of O, uptake by (a) fully reduced | 


cells, (b) red cells containing initially about 35% O,Hb, the concentration of 
dissolved O, just after mixture being in both cases about 0-125 ma. These data 
were obtained by the reversion spectroscope method. 


B. The combination of carbon monoxide with human red cell 
suspensions at 37° C 
Experiments with fully reduced suspensions . 
The experimental procedure needs no detailed description since it was very 
similar to that used in the measurement of the rate of combination of oxygen 
with fully reduced red cell suspensions. The only differences, calling for 
mention, were: | 


(2) The Ringer solutions, which were to be mixed with the red cell suspensions, were equili- 
brated with partial pressures of oxygen-free carbon monoxide, such that the concentration of 
dissolved carbon monoxide in the reaction velocity apparatus, just after mixture was complete, 
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averaged (0-22 ma. This latter concentration was in appreciable excess of the gas-combining capacit 
of the reduced cell suspension, so that the effluent—as collected in the warmed veuintiren fully 
saturated with carbon monoxide, The standardization with 100% COHb was thus effected by 
blowing back the effluent through the observation tube and taking readings thereon with the 
reversion spectroscope at each position of the observation tube ward for the reaction — 
determinations. 

(b) For the measurement, by the reversion spectroscope, of the % COHb in a mixture of 
carboxyhaemoglobin and reduced haemoglobin it was necessary to substitute an auxiliary trough 
containing O,Hb solution for the auxiliary COHb solution used in the previous case. 
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Fig. 7A. Rate of combination of carbon monoxide with reduced red cell suspensions from blood 


of subject F.K. at 37° C, 


Fig. 7B. Rate of combination of carbon monoxide with reduced red cell suspensions from blood 
of subject P.F. at 37° C. 


Fig. 7A and B shows the respective rates of combination of dissolved carbon 
monoxide [0:22 mm, just after mixture] with red cell suspensions in Ringer- 
Tyrode solution from the bloods, again, of F.K. (Fig. 7A) and P. F. (Fig. 7B). 
The data are less satisfactory than those in the corresponding oxygen uptake 
experiments plotted in Fig. 5, due largely to the greater difficulty of the 
spectroscopic readings, as has already been mentioned in the Introduction. 
It was, indeed, partly for this reason that Hartridge & Roughton (1927), in 
their original work on the kinetics of red cell suspensions, did far fewer 
experiments on the rate of carbon monoxide uptake than of oxygen uptake. 
The smooth curves in Fig. 7A and B are based on subsequent data by the 
modified Millikan method, which thus confirnts roughly the cruder data 
yielded by the reversion spectroscope technique. It is true that in the later 
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stages the modified Millikan method possibly shows a somewhat faster rate of 
carbon monoxide uptake but in the case of a third blood (that of W. W.F.) 
a rather larger difference in the opposite direction was seen. Considering the 
fuzzy nature of the absorption bands available for visual observation by the 
reversion spectroscope in these experiments, it is perhaps remarkable that the 
results check as well as they do with those given by the more reliable photo- 
electronic method. 

The two methods agree in showing that in the case of carbon monoxide 
uptake—unlike that of oxygen uptake—there is a marked individual difference 
between the red cells of F. K. and P. F., the rate of carbon monoxide uptake by 
the latter being 1-5-2-0 times faster. A similar difference was seen (see Table 3) 
in the values of l’ for these two subjects, but theoretical considerations (see 
Discussion) make it unlikely that this factor alone can account for more than 
a minor fraction of the differences in the rate of carbon mohoxide uptake by 
the whole red cells, There must, it seems, also be marked differences in per- 
meability of the red cell membranes in the two cases. The whole subject needs 
further and detailed study over a wide range of bloods. 

In previous work on the kinetics of sheep red cell suspensions at room 
temperature (15-20° C) it was found that, at similar reagent concentrations, 
the time taken for half saturation of the red cells was about three times longer 
in the case of carbon monoxide than in the case of oxygen. In the present 
experiments on human red cell suspensions at 37° C the times for half satura- 
tion were about the same ( + 20%): the initial rate of oxygen uptake, which is 
uncomplicated by back reaction velocity effects, was also found to be about the 
same as the initial rate of carbon monoxide uptake according to data by the 
modified Millikan method. These results lend further support to the view that, 
in human red cell suspensions at 37° C, the permeability of the red cell mem- 
branes is a more important rate-limiting factor in the kinetics of oxygen and 
carbon monoxide uptake than in ram red cell suspensions at room temperature. 


Experiments with partially saturated suspensions 

A physiological objective of the present work was to estimate how far the 
rate of carbon monoxide uptake by human red cells per se limits the overall 
rate of uptake of carbon monoxide in men, when this gas is used for deter- 
mining the diffusing capacity of the lungs. In normal men the % O,Hb in the 
mixed venous blood entering the lung capillaries may range from about 30 
during work to about 70 during rest. We have accordingly carried out some 
rough preliminary experiments on the rate of uptake of carbon monoxide by 
human red cells, initially containing (a) about 33% O,Hb, (b) about 66% O,Hb. 
The procedure was as follows: | 

The partially saturated red cell suspensions were prepared in the way 


already described in section 1A. The gas-containing reagent to be mixed 
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therewith in the rapid reaction velocity apparatus, was prepared by equili- 
brating the Ringer solution with an oxygen-carbon monoxide gas mixture of 


such composition that: (i) the partial pressure of dissolved oxygen was the 


same as in the red cell suspension (i.e. about 20 mm Hg for 33% O,Hb and 
about 40 mm Hg for 66 % O,Hb); (ii) the content of dissolved carbon monoxide 
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Fig. 8. Rate of combination of carbon monoxide with red cell suspensions containing initially 
(i) 0% O,Hb (open circles), (ii) 33% O,Hb (crosses). ..dotted curve A drawn through crosses, 
(iii) 66% O,Hb (shaded circles). . .dotted curve B drawn through shaded circles. In cases (ii) 
and (iii) the time axes are displaced to the right so as to make the initial point in each case 
fall on the curve for case (i). 


was about equivalent to the amount of reduced haemoglobin initially present 
in the red cell suspensions before mixture in the rapid reaction apparatus. 
When such reagents are mixed together, it can readily be seen that the % O,Hb 
in the streaming fluid just as it emerges from the mixing chamber and the 
°%, O,Hb in the completely reacted fluid would both be about the same as the 
°%, O,Hb in the red cell suspension before mixture. As a first, though perhaps 


very rough, approximation, it has seemed reasonable to assume that the 


> 
Ly 
1 
| 
4 
a 
80 
x 
70 
A 
Pad 
60 
4 
50 
ae 
Zé 
30 
4 20 
ay 
am 
2 
3 
om 
| 
4 


KINETIOS OF HUMAN Hb IN SOLUTION AND IN R.B.C. 83 


9% O,Hb remains about at this level throughout the course of carbon monoxide 
uptake by the red cells. On such a basis it is possible, from the reversion 
spectroscope readings on the streaming fluid at various distances along the 
observation tube, to calculate the corresponding values of the 4 COHb, no 
auxiliary trough being used or being necessary in this case. The results of such 
an experiment on the red blood cells of H.G. are shown in Fig. 8. 

The full line curve and the open circles in Fig. 8 show the results obtained 
when a reduced cell suspension was mixed with Ringer—Tyrode solution con- 
taining 0-156 mm-CO. The left of the two dotted curves, marked A, and the 
crosses were obtained with red cells initially containing about 33% O,Hb and 
Ringer-Tyrode solution containing 0-103 mm-CO, whilst the right of the two 
dotted curves, marked B, and the shaded circles were obtained with red cells 
initially containing about 66°% O,Hb and Ringer—Tyrode solution containing 
0-057 mm-CO. To allow for the difference in initial concentration of dissolved 
CO in the three cases, the time scales for curves A and B were compressed in 
the respective ratios of 0-103 : 0-156 and 0-057 : 0-156. 


Ill. DISCUSSION 


Comparison of the kinetics and equilibria of human and sheep 
haemoglobin in solution | 
It has already been noted that the present numerical values of kj, 1; and k, for 
human haemoglobin agree quite closely, i.e. to within 25% or nearer, with 
those for sheep haemoglobin under similar conditions. On the other hand, the 
dissociation curve of sheep oxyhaemoglobin, in whole blood or in fairly con- 
centrated (3-4 °/) haemoglobin solutions, is considerably to the right of that 
of human haemoglobin, the oxygen pressure for 50% saturation (p59) being of 
the order of 3'to 5 times greater for sheep than for man. The values of K,, K,, 
K, and K,, the respective equilibrium constants of the reactions 


“Hb, +0,2Hb,0,, ©) 
Hb,0,+0,=Hb,0,, (7) 
Hb,0,-+0,<Hb, 0, (8) 


have recently been approximately determined by Roughton, Otis & Lyster 
(1955) for 3-4°% sheep haemoglobin solutions, The work is now being extended 
6-2 
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to human haemoglobin solutions of similar strength. Preliminary results so 
far suggest that | 
R, for man/K, for sheep =c. 3-3, (9) 


K, for man/K, for sheep =c. 2-6, 
(K, x K,) for man/(K, x K,) for sheep =c. 75. (11) 


If the approximate relations given by (9), (10) and (11) also apply in the more 
dilute haemoglobin solutions used in the present paper, ee 


k, for sheep/k, for man=c. 3-0, 
and k, for man/k, for sheep =c. 2-5, (13) 
and for man / for sheep =c. (14) 


If the relationships expressed by (11) and (14) are true, it follows that the 
lower value of ps9 in human haemoglobin solutions, as compared with sheep 
haemoglobin solutions, is more due to the raised value of the product K, x K, 
than to the increases in K, and K,. Thus in human haemoglobin there is more 
marked evidence of interaction when the second and third oxygen molecules 
combine, i.e. in reactions (6) and (7), whereas in sheep haemoglobin the inter- 
action seems to be very largely deferred until the fourth and last oxygen 
molecule combines, i.e. in reaction (8). The high value of k,k3/k,k, in human 
haemoglobin would suggest that 4,4; is much greater than in sheep haemo- 
globin or that kk, is much smaller or a combination of these two possibilities. 
Further work is necessary on the initial rate of combination of oxygen with 
haemoglobin, which is already partially saturated with oxygen before mixture, 
so as to decide between these alternatives. 


on the red cell 


Roughton (1932) developed theoretical equations for the rate of entry of 
oxygen and carbon monoxide into red cells on certain simplifying assumptions. 
Analytical solutions of these equations were given for the very beginning of 
the processes, but for the later stages only very approximate solutions were at 
that time available. Nicolson & Roughton (1951) were, later, able to secure 
sufficiently exact solutions for all stages, by means of numerical analysis 
methods based on the calculus of finite differences. Application of their 
technique to experimental data on ram red cell suspensions at 15° C showed 
that the observed rate of carbon monoxide uptake could be satisfactorily 
accounted for in terms of chemical reaction velocity and diffusion within « 
layer of solution, of thickness equal to the average thickness of the red cell, 
and containing haemoglobin at a concentration equal to that in the red cell. 
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The surface membrane of the red cells of the ram blood seemed to offer no 
significant barrier to the diffusion of the carbon monoxide. In the case, how- 


_ ever, of suspensions of red cells prepared from the blood of two pregnant ewes 


the rates of carbon monoxide entry were appreciably less than in the ram cell 
suspensions, and to account for the observed data it was necessary to assign to 
the pregnant ewe red cell membrane a finite permeability, the magnitude of 
which was actually estimated. It is clearly of interest to examine in a similar 
way the data now available on human red cell suspensions at 37° C. The rever- 
sion spectroscope data of the present paper are, however, far less suitable for 
the application of the procedures of Nicolson & Roughton than are the data 
obtained subsequently—mainly at Philadelphia—by Forster, Roughton, 


Kreuzer & Briscoe with the aid of the modified Millikan method. Itisthereforé 


proposed to defer the full details of the calculations and the results thereof till 
a later paper by these authors, and only to summarize here the main conclu- 
sions with which, it may be said, the reversion spectroscope data are in general 
agreement. These conclusions are as follows: 

(1) The observed initial rate of entry of oxygen into reduced human red 
cells averaged about one-thirtieth of the initial rate of combination of oxygen 
with reduced human haemoglobin in homogeneous solution at 37°C. If the 
membrane of the red cells offered no significant barrier to diffusion of oxygen 
the initial cellular rate should (for a layer of concentrated haemoglobin equal 
to the average thickness of the red cell) theoretically have been about one- 
ninth of the initial solution rate. 

(2) For carbon monoxide the observed initial rate of cellular entry averaged 
‘about one-eighth of the initial rate of combination of carbon monoxide with 
reduced haemoglobin in homogeneous solution, as against a theoretical figure 
of about three-tenths if the red cell membrane had no limiting effect. 

(3) The discrepancies mentioned under (1) and (2) can be explained by 
attributing to the red cell membrane a finite permeability corresponding to 
A=3-0 for oxygen, and A=2-6 for carbon monoxide, where A= D,/b, + D,),. 
D,, Dy are the respective diffusion coefficients of the red cell interior and the 
surface membrane to 0, (or CO). 2b,, b, are the average thicknesses of the red- 
cell interior and the surface membrane respectively. 

The concordance in the values of A for the two gases provides some general 
support for the theoretical and experimental bases of the present work. It is 
of interest to recall that Nicolson & Roughton (1951) found for the red cells of 


pregnant ewes that A (for CO)=2-2 at 15° C, from which they calculated that 


D,/D, =e. 0-08, if,b, and. b, are of the order of 7 x 10-* and 1 x 10~* em respec- 
tively. Clearly there is a large field open for the study of A under a wide range 
of conditions. : 
It should, however, be noted that in the analysis of the results on cell sus- 
pensions, which has just been given, it has been assumed—as in the previous 
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papers of Hartridge & Roughton (1927), Roughton (1932) and Nicolson & 
Roughton (1951)—that the suspending fluid between the red cells remains so 
well mixed as the reacting fluid passes down the observation tube, that there 
can be no appreciable gradients of dissolved gas outside the red cells. If, onthe | 
other hand, such gradients are appreciable then the figures just given for the 
permeability of the red cell membrane would obviously be too low. Hartridge 
& Roughton’s control experiments with different types of mixing in the mixing 
chamber, with varied rates of flow down the observation tube and with a 
repetition of the mixing process after the reaction had proceeded to about one- 
third of completion, all provided good support for the postulate of complete 
mixing in the suspending fluid. Roughton (1932), furthermore, put forward a 
theoretical argument to the same effect, which at the time seemed very con- 
vincing. A recent reconsideration by us of the original control experiments and 
of Roughton’s theoretical argument has, however, raised some doubts as to 


the validity of the conclusion drawn from them. Further theoretical calcula- .. 


tions and control experiments are, accordingly, being carried out: the results 
of this work, which it is hoped to publish in due course, so far suggest that the 
original idea is still probably correct. For the present we are, therefore, con- 
tinuing to assume that diffusion outside the red cells is not a rate limiting factor 
in the red cell suspension experiments. 


Physiological significance of the results 

The main physiological objective of the present work was to form some 
estimate of the concentration gradients of dissolved gas, which must exist 
between the plasma and the interior of the red cells within the blood as it: 
circulates through the lung capillaries. If such gradients were appreciable 
they would affect (i) the rate of carbon monoxide uptake in the lung, during 
determination of the diffusing capacity of the lung by the carbon monoxide 
method, (ii) the rate of oxygen uptake in normal breathing, especially during 
exposure to low oxygen pressures. 

In determinations of the diffusing capacity of the lung by the Bohr-Krogh 
methods (Bohr, 1909; Krogh, 1915) or their modern modifications (see, for 
example, Filley, MacIntosh & Wright, 1954; Forster, Fowler, Bates & van 
Lingen, 1954) it has been tacitly, but generally, assumed that the carbon 
monoxide, once it has passed through the wall of the blood capillary and has 
entered the blood plasma, is then mopped up so rapidly and completely by the 
haemoglobin of the red cells that its back pressure in the plasma is negligible. 
The difference of carbon monoxide pressure across the lung membrane at any 
instant is thus taken to be equal to the partial pressure of carbon monoxide in 
the alveolar air at that instant. If, however, the rate of entry of carbon 
monoxide into human red cells in vivo is similar to its rate in vitro, as given by 
the average of the determinations in section II B, then preliminary calculations 
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on man at sea-level, both at rest and during moderate exercise, show that there 
must be a carbon monoxide gradient within the blood of the samé order as, or 
even greater than, the carbon monoxide gradient across the alveolar membrane. 
If such be the case, then the overall diffusing capacity of the lung to carbon 
monoxide (D") as calculated in Bohr—-Krogh determinations, would have to be 
regarded as consisting of two diffusing capacities in series (i) the true diffusing 
capacity of the alveolar membrane, D’,,, (ii) the diffusing capacity within the 
blood itself, D’,, Just as in the analogous case of electrical capacities in series, 
these three diffusing capacities should be related by the equation 


In a typical case (W.H.F. at rest), the following values have been calculated 


(15) 


from data given in table 2 of the paper by Forbes, Sargent & Roughton (1945). 


D’ =30, Dy, =70, Dz =53 (c.c. gas diffusing per mm Hg gradient per min). 
Full details of the calculations will be deferred to a later paper, since further 
studies are necessary on the rate of entry of carbon monoxide into red cell 
suspensions im vitro under a wide variety of conditions, so as to get a better idea 


_ as to how far the present im vitro data are really applicable to in vivo conditions. 


The results so far do, however, suggest definitely that the diffusing capacity of 
the lung to carbon monoxide by the Bohr-Krogh methods is significantly 
lower than the diffusing capacity of the alveolar membrane itself, and that 
further investigations are well worth while both in normal and in pathological 
cases. 
Similar preliminary calculations have also been made for oxygen uptake by 
resting subjects at high altitudes, but in this case it has been found that the 
oxygen gradient within the blood itself, necessary to provide the observed rate 
of oxygen into the red blood cells, is only of the order of one-third to one- 
quarter of the oxygen gradient across the lung membrane. Using symbols 
without primes for the corresponding oxygen diffusing capacities, the analogous 
equation to (15) should be ee 
D Dy" 
but D/Dy, would be about 0-8, instead of about 0-4 as in the case of D’ /Dy 
(according to the calculation in the preceding paragraph). If further work 
sustains this difference, the quantitative difficulty in accounting, by diffusion, 
for the rate of oxygen uptake by man at high altitudes (see Roughton, 1944) 
will be substantially eased. For in such computations, it has hitherto been 
assumed that D could be derived from D’ (as determined by the Bohr-Krogh 
methods) by means of the equation 
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"where do, and dgo are the diffusion coefficients of unit area and unit thickness 


of isolated lung membrane (Krogh, 1919) to oxygen and carbon monoxide 
respectively. The present work, however, suggests that the value of D/D’ as 
thus calculated might be about 0-8/0-4 times, i.e. twice, too small. Corres- 
pondingly, the amount of oxygen which could diffuse through the lung mem- 
brane under a given oxygen concentration gradient might be about twice as 
great as has hitherto been estimated. deacons studies on these lines would 
thus also seem well worth while. 


SUMMARY 


1, Measurements are given of the rate of combination of (a) oxygen, (5) 
carbon monoxide, at 37° C with human haemoglobin, both in dilute solution 
and in suspensions of intact red cells in physiological saline. 

2. The initial rate of combination is much less in the red cell suspensions 
than in homogeneous haemoglobin solutions, being only about one-thirtieth 
as fast in the case of oxygen and about one-eighth as fast in the case of carbon 
monoxide. These results suggest that the surface membrane of human red cells 
at 37° C exerts a very pronounced limiting effect on the overall rate of diffusion 
of the two gases into the cells. Actual estimates are given of the permeability 
of the human red cell membrane to O, and to CO. 

3. If these in vitro results are applicable to the circulating blood in human 
lung capillaries, it would follow that the rates of the reactions with haemo- 
globin within the red cell would have (i) an appreciable effect in limiting the 
overall rate uptake of carbon monoxide in the lung during, for example, 
pulmonary diffusing capacity determinations, and (ii) a slight effect on limiting 
the overall rate of oxygen uptake in the lung during normal respiration at low 
oxygen pressure. | 

4. Measurements are also given of the effect of temperature on (a) the rate 
of combination of carbon monoxide with dilute haemoglobin solution, (b) the — 
rate of dissociation of the first oxygen molecule from fully saturated haemo- 
globin solutions, together with data on the overall rate of dissociation of 
human oxyhaemoglobin at room temperature in the presence of sodium 
hydrosulphite. 

5. The present data on human haemoglobin in solution and in the intact 
red cell are compared with previous data on sheep haemoglobin. 


Note added in proof 
Whilst the present paper was in the Press, a similar formula to equation (16) has appeared 
independently in a paper by P. Kruhoffer (1954, Studies on the Lung Diffusion Coefficient 
for Carbon Monoxide in Normal Human Subjects by means of C“O, Acta physiol. scand. 32, 
106-123). 
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THE INDIVIDUAL EFFECTS OF CO,, BICARBONATE AND pH 
_ON THE ELECTRICAL AND MECHANICAL ACTIVITY OF 
ISOLATED RABBIT AURICLES 


By E, M. VAUGHAN WILLIAMS 
From the Department of Pharmacology, University of Oxford 
(Received 7 December 1954) 


The experiments to be described represent an attempt to discover how far 
hydrogen ions, bicarbonate ions and undissociated carbonic acid molecules 
individually affect the electrical and mechanical activity of the isolated 
rabbit auricle, and influence the function of its pace-maker. The frequency and 
force of auricular contractions can be measured simply enough, but properties 


of the membrane relevant to its electrical activity are open to investigation in a 


variety of ways. A direct approach is to measure membrane potentials with 
capillary KCl electrodes, which give values similar to those obtained by the 
extracellular potentiometric method of Huxley & Stampfli (1951) so that the 
uncertainties connected with intracellular liquid junctions (Ogston, 1947) do 
not introduce serious errors (Ussing, 1949). The spread of measurements ob- 
tained with intracellular electrodes is usually wide, however (Woodbury, 
Hecht & Christophersen, 1951; Draper & Weidmann, 1951; Burgen & 
Terroux, 1953a), and the question arises whether low values should be dis- 
carded or accepted as part of the normal variation. Since damage to the 
fibres might reduce but could hardly increase the potential measured, it might 
be expected that the distribution of results would be skew (Kuffler & Vaughan 
Williams, 1953), yet even the selected, and normally distributed, values of 
Draper & Weidmann had a range of 80-98 mV (58 results) and the variation 
was still wider when the selection was less severe (312 results). 

Conduction velocity, on the other hand, can be estimated with great 
accuracy (about +1%%) in isolated auricles with external electrodes which 


- barely touch the tissue. Martin (1954) showed that conduction velocity in the 


frog sartorius did not change when the muscle was stretched. Hodgkin (1954) 
gave reasons for supposing that differences in velocity would be associated not 
with alterations in the configuration of a muscle fibre, but with changes in the © 
electrical properties of its membrane. The converse of this is that if a given 
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situation were found to produce no change in conduction velocity, one could 
assume either that there had been no change in the electrical properties of the 
membrane, or at least that if there was a change it did not involve the type of 
activity responsible for conduction velocity. For example, if conduction 
velocity were a function of the rate of rise of the spike (sodium entry) changes in 
this parameter might occur independently of changes in the duration of the 
phase of repolarization (potassium exit), cf. Weidmann (1955). 
‘Simultaneous measurements have been made of the conduction velocity, and 
of the rate and the force of the contractions of spontaneously beating rabbit 


auricles. 


METHODS 


Rabbits were killed by a blow on the head. The heart was removed and the aorta and pulmonary 
artery cut across close to their origins. Connective tissue was then dissected from the region of the 
great veins with particular care. A cut starting in the aortic remnant was continued around the 
auriculo-ventricular junction, division of the interventricular septum being left to the last, to avoid 
damage to the interauricular septum. During the dissection, which took 5-8 min, the heart was 
immersed in oxygenated modified-Locke’s solution (described below) at 4-8° C. The auricles were 
mounted in an apparatus designed (a) to facilitate electrical recording, (6) to preserve a stable 
environment, The first objective required that the volume of fluid around the auricles be small, to 
reduce the short-circuiting of action currents. The bath was accordingly trough-shaped (Fig. 1A), 
and contained 10-15 ml. when the auricles were covered by fluid. The auricles were mounted 
horizontally to permit exploration of their surfaces with the electrodes (Fig. 1, top). Contractions 
were recorded by a lever pulled by a thread which passed through 90° over a quadrant of Perspex, 
drilled to reduce inertia. . 

The purpose of the rest of the apparatus was to maintain stability in (a) the rate of flow of 
physiological fluid, (b) the temperature, (c) the oxygenation. 

Physiological fluid. The osmolarity of all solutions was 308 milli-osmole, made up as follows. 
Na, 139-7; K, 5-63; Ca, 2-165; glucose, 11-12; HCO, and Cl together, 149-66. Solutions were gassed 
for about half an hour with an appropriate 0, +CO, mixture, and placed in three 2 |. reservoir 
flasks through which gas mixtures continued to be bubbled throughout the experiments (Fig. 2). 
The gas escaping from all three flasks passed into a cylinder full of water to make the gas pressures 
equal. A tube from each flask led via a water-jacket to a glass tap, so that any flask could be 
selected. Beyond these was a drop-timing chamber and another tap, made, by means of tapered 
grooves, into an adjustable capillary (Fig. 1, right). The reservoirs were placed on a high shelf, so 
that the pressure behind the capillary was about 1-5 m water. Consequently, the difference in the 
rate of flow from a reservoir when it was full and when it was nearly empty amounted to about 4%. 
The level of fluid in the auricle chamber was kept constant by continuous suction from chamber B 
(Fig. 1), 

In early experiments it was found that the flow across the auricle chamber was not uniform. 
After the introduction of the parallel holes between A and E (Fig. 1) and the bevelled slot between 
A and B, dye added to the solution in Z passed evenly across the auricle chamber. At 100 drops/ 
min the leading edge took about 1 min to cross the chamber: all traces of dye had left the chamber 
in about 6 min. 

Temperature, Conduction velocity in the auricle was found to increase with tem y 
more than 6% per degree C, and a warm water-jacket system was installed which kept the 
temperature of the auricle chamber constant to +0-1°C. A pump delivering 2 l/min circulated 
water not only around the reservoir bottles and associated tubing (Fig. 2) but also through two 
heat-exchangers, one on each side of the auricle chamber (Fig. 1, C and D). The fluid from the 
reservoirs passed through small-bore polythene tubing close to these exchangers on its way from 
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the taps to its entry into chamber H. Most. experiments were carried out at 29° C, though some 
were repeated at 33° C, 

Oxygenation. Oxygen and CO, mixtures passed from a reduction valve via long capillaries of 
equal length to each of the three reservoirs. Some of the mixture supplying the particular reservoir 
whose contents were at the time going to the auricle, was also led via two capillaries into the 
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Fig. 1. Auricle chamber. The auricle was set up horizontally to facilitate the placing of electrodes 
(top), in chamber A. Fluid arriving under pressure was kept flowing at a constant rate by 
being forced through an adjustable capillary, shown on right together with a drop-timing 
chamber. It then passed close to heat exchangers in chambers C and D, and was admitted 
into chamber Z. Continuous suction was applied in chamber B, so that the fluid traversed 
chamber A in an even flow without eddies or stagnant ‘pockets’ by virtue of the baffles 
separating B and A, and A and #. A warm and wet O,+CO, mixture, at adjustable but 
constant pressure, was admitted through capillaries in the floors of A and £. 


auricle chamber itself (Fig. 1). On its way it was bubbled through a bottle of water standing in the 
main tank, so that it arrived wet and warm. A sensitive pressure gauge was interposed between 
capillaries, so that when gas-cylinders were changed the pressure of the gas entering the chamber 
could be set to exactly the same value. 

With all these stabilizing safeguards in operation, if the three reservoirs contained the same 
solution, then changing from one reservoir to another produced no change in the rate or amplitude 
of auricular contractions, or in conduction velocity. 7 | 
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Electrical records. Two bipolar electrodes were employed. The poles were approximately 1 mm 
apart and were made of fine platinum wire embedded in glass capillary tubing. Each bipolar 
electrode supplied a separate differential preamplifier of gain x 2000, overall time-constant 2 sec. 
The ratio of the amplification of asymmetrical and symmetrical inputs was 6000:1. The outputs 
were both fed into the main amplifier of a Cossor double-beam oscilloscope, model 1049, Traces 
were photographed with a Grass kymograph camera. Exact synchronization of mechanical and 
electrical records was obtained by a device which superimposed a photograph of the time on each 
photograph of the oscilloscope trace whenever the film moved (Fig. 3). 


Air trap 


Heater 
tank 


From pum 


Fig. 2. Reservoirs, Solutions were held in three flasks standing in a stirred water tank. O,+CO, 
mixtures, after passing through capillaries to maintain constant flow, bubbled through the 
solutions, and were collected into a common gas outflow pipe leading to a water-filled cylinder, 
so that the pressure in all three bottles was the same. Water was circulated by a pump through 
a heater tank to the reservoir tank, being deflected by a baffle on to a thermostat. On its way 
to the heater it passed through a bicycle inner-tube surrounding the outflow tubes from the 
reservoirs, so that no heat was lost from these as fluid travelled from the reservoirs to the 
auricle, 

| Note on pH 
Gas mixtures were prepared by filling an empty oxygen cylinder to a low pressure, 20Lb./sq.in. 
for example, from a cylinder of pure CO,. Pure oxygen was then added to the cylinder until the 
pressure was, say, 1000 Lb./sq.in., in this case giving a mixture of approximately 2% CO,. The 
mixture was bubbled for an hour through a solution of sodium bicarbonate, and the pH of the 
solution was then measured. The exact CO, percentage could then be obtained from the equation 


: [HCO,] 
pH= pK + log é 


Corrections 
(1) pK. Measurements of the first ionization constant of carbonic acid have not always been in 
agreement. It was decided to employ the values given by Shedlovsky & MacInnes (1935), who 


obtained similar results from measurements made by two independent methods. 


(2) CO, in solution, CO, is more soluble at lower temperatures, so that a fall in temperature for a 
given bicarbonate-CO, mixture makes the solution more acid. The CO, available to form carbonic 
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acid accordingly depends on the barometric pressure less the vapour pressure (P - 7p), the per- 
centage of CO, (x), and the solubility of CO, (a). 


100° 760 "22-4 


(3) ‘Salt error’. A correction has to be made for the ‘salt error’, i.e. the reduction in pH caused 
by the presence of other cations in the solution. The correction suggested by Warburg (1922) was 
0-46 x*,/C, and by Saunders (1926) 0-53 x*/C (where C= molar concentration of cations). The 
value of 0-5 *,/C was adopted. (A detailed discussion is to be found in Cowan (1933), though, of 
course, Shedlovsky & MacInnes’s figures for pK were not then available.) The form of the Hender- 
son-Hasselbalch equation actually employed was, therefore, 

100 760 22-4 
Once this had been calculated for any given temperature and pressure, then the pH could be 
changed simply by altering the bicarbonate. For example, if a given gas mixture was equilibrated 
with 15 mm-bicarbonate to give pH 7-4, then pH 7:1 was obtained by halving the bicarbonate 
(7-4 —log 2), or pH 7-7 by doubling it (7-4 + log 2), and equilibrating with the same O, and CO, 
mixture. Thus changes in pH were completely accurate, even though the pH measured originally 
might be accurate only to 0-05 pH. Changes in bicarbonate were always accompanied by opposite 


changes in chloride, so that there was no alteration of the osmotic pressure. _ 


RESULTS 


_ From the earliest experiments it became clear that a large number of observa- 


tions would be necessary to permit an adequate interpretation of the results. 
It was found, for example, that in some experiments a change from an acid 
to an alkaline solution increased the amplitude of the auricular contractions 
(Fig. 5), but in others a similar change was followed by a decrease (Fig. 6). 
Again, in a solution containing 5-95 mm-bicarbonate (the amount present in 
Locke’s solution) the auricular contractions were in some experiments larger 
than in a solution containing 25 mm-bicarbonate (the amount present in Krebs’s 
solution, Krebs & Henseleit, 1932) even though the pH was the same. Yet in 
other experiments, the contractions were larger in 25 mm than in 5-95 mu- 
bicarbonate. In order that the individual effects of CO,, bicarbonate and pH 
might become apparent the following plan was adopted. 

To change the pH it was necessary to alter either the bicarbonate or the CO,,. 
To differentiate the pH effect from the effects of the other changes, therefore, 
every pH change had to be examined at several levels of bicarbonate and CO,. 
For example, an auricle was started on 1% CO, at pH 7-4 (bicarbonate = 
5-8 mm at 30° C), and the effect of changing the pH to 7-1 and 7-7 was studied 
(bicarbonate = 2-9 and 11-6 mm). It was then necessary to start again at pH 
7-4, but with 3% CO, (bicarbonate = 17-4 mm) and to vary the bicarbonate to 
give the same pH changes. Alternatively, the bicarbonate could be kept con- 
stant, and the pH changed by altering the gas. By this somewhat laborious — 
method a ‘grid’ was constructed in which the effect of any given change in CO,, 
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bicarbonate or pH could be compared with the effect of the same change in the 
presence of wide variations in the other two factors. 

Lack of stable base-lunes. In several experiments auricles were left to beat 
spontaneously for many hours without any change in the solution being made. 
It was an invariable finding that there was a gradual increase in the size of the 
contractions during the first hour to an hour and a half. This increase occurred 
whatever the solution, whether it was acid or alkaline, or the bicarbonate or 


CO, were high or low. If the pH was less than 7-2, the increase was small. 


After the first 60-90 min there was little further change in the size of the con- 
tractions, but subsequently the force of the beat began slowly to decline. The 
amplitude of the contractions became reduced to half the maximum value in 
6-10 hr. The frequency of the beat was more stable, but invariably declined 
slowly from the original rate, by 10-15 beats per min in 6 hr. The conduction 
velocity usually rose slightly during the first few hours, but was often very 
stable. Since there were no reliable base-lines for the conduction velocity, or 
for the rate and force of the beat, it seemed appropriate to ensure, as is cus- 
tomary in a biological assay, that after each change in conditions, the original 
conditions were restored. 

Experimental procedure. As soon as the preparation had been set up in the 
chamber an electrode was placed on the tip of the left auricle and an action 
potential was recorded via the first amplifier. The right auricle was then 
explored with a second electrode until the interval in time between the action 
potentials from the right and left auricles was maximal. It was then concluded 
that the electrode on the right auricle must be in the region of the pace-maker, 
for any other position would have given a shorter interval between the two 
action potentials, As soon as suitable positions for them had been found, the 
electrodes were left untouched throughout the experiment. Photographs were 
taken at frequent intervals, and minimum values for conduction velocity were 
subsequently calculated from the interelectrode distance and the interval 
between the action potentials, The frequency of the beat was counted with a 
stopwatch, and auricular contractions were recorded directly on a smoked 
drum, 

The results of a representative experiment are depicted in Fig. 3, At the top 
is shown the record of contractions over a period of 3 hr. The rate in beats per 
‘min has been written below the tracing at various intervals. The auricle had 
been beating already for an hour in 9-26 mm-bicarbonate in equilibrium with 
16% CO,. At the arrows first the solution (a), then (after an interval to allow 
the new solution to reach the bath) the gas (b) were changed to 27:3 mm and 
4-7 % CO, respectively. Half an hour later the original conditions were restored, 
The pH was 7-4 throughout. 

At the foot of Fig. 3 photographs of the action potentials from the right and 
left auricles are shown, and in the middle the rate and conduction velocity are 
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plotted on the same time scale as that of the tracing above. It can be seen that 

the change from low to high CO, and bicarbonate caused a decrease in the size 
of the contractions; a rise in conduction velocity; and a fall in rate, which was 

only temporary, so that ultimately the effect on the rate was ‘no change’. 


Fig. 3. Record of mechanical and electrical activity of rabbit auricle. The tracing represents the 


contractions of an auricle beating in 9-26 mm-bicarbonate equilibrated with 1-6% ©O,. The 
numerals below the tracing represent the rate in beats per min. At the arrow a, the solution 
was changed to 27-3 mm-bicarbonate, and after an interval to allow the fresh solution to reach 
the auricle the gas was changed to 4-7% CO,, at b. Atcthesolution was changed back to9-26mm- 
bicarbonate, and the gas to 1:6% OO, at d. The pH was 7:4 throughout. Time is marked in 
half-minutes at the top. The numerals above are placed at the times at which the correspon- 
ding photographs (bottom of the figure) were taken. Each photograph has superimposed on it 
(right) a photograph of the time at which it was taken. The rate (dotted line) and the con- 
duction velocity (continuous line) calculated from the photographs (the inter-electrode 
distance was 18 mm) are plotted in the centre of the figure on the same time scale as that of 
the mechanical record above. The gaps in the tracing and graph represent intervals of 73 and 
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Conduction velocity 
Fig. 4 contains data relating to conduction velocity, an increase being re- 
presented by a plus, a decrease by a minus, and no change by a circle. When a 


~ very small change in conduction velocity, 5° or less, has had to be recorded, 


a plus or minus has been plotted inside a circle. It was customary to wait 
30-40 min after any change in conditions, to permit the behaviour of the 


+ 
2 
— 


in 


—10 i j L j L 


14 -—12 -10 -08 -06 -04 -02 0 +02 +04 +06 +08 +10 
Log bicarbonate 


Fig. 4. Conduction velocity. Ordinates: changes in CO, on a logarithmic scale. Abscissae: changes 
in bicarbonate. Pluses indicate an increase in conduction velocity, minuses a decrease, and 
circles no change. A plus or minus within a circle represents a change of less than 5%. 
A positive correlation between CO, and conduction velocity would be revealed by a horizontal 
division of the results, pluses above the midline, minuses below, and circles along the centre. 
A positive correlation with bicarbonate would correspond to a vertical division, pluses to the 
right, minuses to the left. A positive correlation with pH would be shown by circles along the 
diagonal, pluses to the right and below it (alkaline side), minuses above and to the left (acid 
side), The graph therefore shows a positive correlation between changes in conduction velocity 
and changes in CO,. 

auricles to become stable in the new situation. The result recorded refers to the 

ultimate effect of any change; an increase in conduction velocity immediately 

followed by a lasting decrease is plotted as a decrease. 
In a few experiments, not recorded here, the pH was made less than 6-7. In 


all these there was a rapid depression of conduction velocity, and of the rate 
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and the force of the auricular contractions, and such pH values were regarded 
as unphysiological. In one of the experiments recorded: in this paper the pH 
was 6-7, in another 6-8. In the remainder the pH was always between 7-0 and 
8-1. There was never any precipitation of calcium. 

The ordinates in Fig. 4 represent changes in CO, percentage plotted on a 
logarithmic scale, and the abscissae changes in bicarbonate concentration. If 
conduction velocity were correlated with CO, percentage, therefore, the results 
would be divided horizontally, pluses appearing above the midline, minuses 
below, and the circles, representing no change in conduction velocity, would 
be found on or near the horizontal centre line. If, however, there were a cor- 
relation between conduction velocity and bicarbonate concentration, then the 
results would be divided vertically, pluses to the right, minuses to the left and 
circles vertically in the middle. Whenever the changes in CO, and bicarbonate 
were identical, there was, of course, no change in pH. Consequently the mid- 
line representing ‘no change in pH’ corresponds to the diagonal, all points to 
the right and below the diagonal representing changes from acid to alkali, and 
all points above and to the left representing changes from alkali to acid. 

Examination of Fig. 4 reveals a strong correlation between conduction 
velocity and changes in CO, percentage. The higher the CO, the faster the 
conduction velocity. There are no pluses below the horizontal division, in spite 
of wide changes in pH and bicarbonate concentration, and there is only one 
minus-in-a-circle above the midline. All the circles lie within 0-6 log unit of the 
horizontal midline. Thus every increase in CO, above 0-6 log unit was accom- 
panied by an increase in conduction velocity, and every decrease greater than 
0-6 log unit was associated with a decrease in conduction velocity. 

If attention is directed to those experiments in which there was no change in 
CO,, and which are accordingly plotted along the horizontal midline, although 
the majority show ‘no change in conduction velocity’ there is nevertheless a 
preponderance of pluses to the right and of minuses to the left. It appears, 
therefore, that when there was no change in CO,, conduction velocity was 
faster in an alkaline solution. This minor correlation between pH and con- 
duction velocity is, however, overshadowed by the effect of CO,: i.e. if the CO, 
was increased, conduction velocity also increased, even if the solution became 
acid, 

The force of the contractions | 

Data relating to the magnitude of the auricular contractions have been 
plotted in Fig. 5. As in Fig. 4, ordinates represent changes in CO,, abscissae 
changes in bicarbonate. A correlation between pH and the force of the beat 
is apparent. In contrast to Fig. 4, the circles in Fig. 5 lie along the diagonal, the 
pluses in the alkaline region, and minuses in the acid. This correlation between 
pH and the force of the beat was invariably found to hold provided the bi- 
carbonate concentration did not exceed 20 mm. 
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There were some exceptions to the correlation between pH and the force 
of contractions, which were at first very puzzling. It ultimately became clear, 
however, that when the bicarbonate concentration was in excess of 20-30 mm 

‘(the critical value varied with different auricles, but it always lay between 
these limits), the force of contractions was depressed even though the solutions 
: 
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Fig. 5. The force of contractions. Changes in the force of contractions are shown by pluses, | 


minuses and circles. The graph shows a correlation between pH and the force of contractions, 
which were stronger in more alkaline solutions, weaker in acid. 


were alkaline. Conversely, when the bicarbonate concentration was reduced 
from a high value, the amplitude of contractions often increased, or at least 
was not reduced, even if the solution became more acid. The contractions had 


already been depressed by the high bicarbonate concentration, and the 


lowering of this counterbalanced the depressant effect of the increase in 

hydrogen ions. In Fig. 6 are plotted the results of experiments in which 

depressant concentrations of bicarbonate had been used, and the actual milli- 

molar concentrations employed have been added beside the observations. In 
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every case the concentration was in excess of 20 mm.. It is also clear that the 
distribution corresponds to a vertical division, pluses to the left, minuses to 
the right, implying that the correlation of this effect is with the bicarbonate, and 
not with the CO, or pH. Of particular interest are three experiments in which 
the depressant effect, in an alkaline solution, of a high bicarbonate concentra- 
tion (27-3, 35 and 46 mm) had already been established, and the pH was then 


+09 
+08} 
+07} 
+06+ 

+05} 
+04} 
+02} 


46 


—09 + 1 1 L i 1 1 1 
—12 —10 -—06 —06 —02 0 +02 $04 +06 08 +10 2 
Log bicarbonate 
Fig. 6. Depression of contractions by high bicarbonate concentrations. Concentrations of bi- 
carbonate in excess of 20-30 mm were found to depress contractions even when the solutions 
were alkaline. The actual millimolar concentrations to which the bicarbonate was raised or 
from which it was lowered have been recorded beside each experiment. The results are divi- 
ded vertically, indicating the correlation of this depressant effect with bicarbonate, and not 
with pH or COQ,. 
changed (from 8-0 to 7:55, 7:8 to 7-65 and 7-62 to 7-4 respectively), by in- 
creasing the CO, instead of by decreasing the bicarbonate. In all three experi- 
ments the force of the contractions was unchanged. This disposes of the possi- 
bility that the ‘depressant’ effect of high bicarbonate might be due, not to the 
bicarbonate itself, but to the concomitant higher CO, necessary to eee the pH 
within the physiological range. 


Factors influencing the rate 
Thus far the positive findings have been that conduction velocity was a 
function of the pCO,; and at a constant pCO,, was to some extent increased by 
alkali and decreased by acid. Secondly, the force of the auricular contractions 
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was a function of the pH, except in the presence of a bicarbonate concentration 
in excess of 20-30 mm, by which it was depressed even if the solution were 
alkaline. In the absence of pH changes the force of the beat was independent 
of the pCO,. The eg that remained, therefore, was what influenced the 


A. dncreases in rate 
co, Bicarbonate conc, mm pH 
Increase to less to 5m™ pH change 
3 than 5mm | or more 
| 
4 167 7:2 to 7°63 
2 4-6 to 25-9 7:4 
3 3:2 7:4 to 7:7 
4 14to 3: 7:1 to 7-4 
5 2 to 542 7-4 to 77 
6 8-5 to 14:2 7:4 00 7:7 
7 126 to 2 7:18 to 7:4 
8 40 to 29 7:0 to 7-8 
9 18 to 97 7-0 to 7-8 
10 46 to 25-9 4 
11 25 to 5 7-4 to 7:28 
12 46 to 9-6 7:65 to 7°4 
13 27'5 to 96 7°55 to 7°47 
14 21:5 to 8:55 78 to 7-4 
15 15 to 8:55 7°65 to 7:4 
16 37-4 ro 21 7:65 to 7°4 
17 260063 | 8-0 to 7:4 
B. Decreases in rate 
18 167 to 10 | | 8-1 to 7-2 
19 16-7 to 3:3 7:4 to 67 
20 25 to 5 7-4 
21 | 7:25 to 174 7:75 to 7-1 
22 3:2 to 14 7-4 to 
23 54-2 to 7:7 to 7-4 
24 8:5 to 7:4 to 
25 96 to 3-25 7-45 
26 21 to 118 7-4 to 7°15 
27 9:7 to 40 7-4 to 7-0 
28 7-4to7 0 
29 40 to 1°8 7-4 to 7-0 
30 40 to 1-8 7-4 to 7-0 
31 63 29 to 97 7-4 to 68 
32 25-9 to 4°6 7-4 
33 5 to 25 | 7-28 to 7-4 
27:3 to 46 to 7 
35 8°55 to 21 
9-7 to 29 
37 63 to 16:2 
162 to 26 | 7:4 


Me, 7. Auricular rate. In spite of wide variations in CO,, bicarbonate and pH, out of 142 observa- 
tions the rate altered by more than 5% only in the 38 experiments recorded here. The columns 
show, for each experiment, whether the CO,, bicarbonate or pH was changed. The conditions 
which resulted in increases in rate are shown in Part A, decreases in rate in part B. In part A 
the columns which indicate when the pH fell below 7-2, or the bicarbonate below 5 mM, are 
empty, but they contain half of the records of decreases in rate. It was concluded that the 
rate was not affected by the pCO,, and was not increased by alkali, but was sometimes, but 
not always, reduced in solutions more acid than pH 7:2. 
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rate. The results showed that the rate was unchanged in 104 out of 142 experi- 
ments, in spite of wide variations in CO,, bicarbonate and pH, and for this 
reason it has not been thought worth while to present a figure similar to Figs. 
4 and 5. In order to facilitate the recognition of a factor influencing the rate, 
in Fig. 7 a plot has been made of those experiments only in which there was a 
change in rate greater than 5°%%. Expts. 1-17 record increases in rate, and 
18-38 decreases. The changes in CO,, bicarbonate and pH which accompanied 
the change in rate have been recorded in columns. 

CO,. It is immediately apparent that there was no correlation between CO, 
and rate. 

pH. If the columns referring to pH are consulted, it is evident that, out of 
17 increases in rate, 8 were associated with changes from acid to alkali, 7 with 
changes from alkali to acid, and 2 with no change at all. There is, however, one 
column which is completely empty in the experiments recording increases in 
rate, but is occupied in 10 out of 21 experiments in which decreases were re- 
corded. This is the column registering falls in pH below 7-2. 

Bicarbonate. It is clear from the columns referring to bicarbonate in Fig. 7, 
that here again there is a column which is empty in the section recording in- 
creases in rate, but is occupied in 10 out of 21 experiments in the section re- 
cording decreases. In no case when the bicarbonate was less than 5 mm was 
there an increase in rate. But about half the decreases in rate were associated 
with reductions in bicarbonate below 5 ma. 

It may be concluded, therefore, that the rate is remarkably stable over a 
wide range of CO,, bicarbonate and pH. It was completely unaffected by 
changes in CO,, and was independent of variations in pH above 7:2 and in 
bicarbonate above 5 mm. If the pH fell below 7-2, or the bicarbonate below 
5 mm, the rate was sometimes, but not always, depressed. 


DISCUSSION | 
The results have revealed a specific association between carbonic acid con- 
centration and conduction velocity in isolated rabbit auricles. The higher the 
CO,, the faster the conduction velocity. The force of the contractions, on the 
other hand, was associated with the extracellular pH, and was stronger in 
alkaline, weaker in acid solutions, with the exception that it was depressed by 
bicarbonate concentrations in excess of 20-30 mm, even when the solution 
was alkaline. The frequency of the auricular beat remained stable in the 
presence of wide variations in CO,, bicarbonate and pH, but was depressed in 
solutions more acid than pH 7-2. Although the literature concerned with CO, 
and pH in biological systems is enormous, there are not many papers which 
can be taken as strictly relevant to these results for the following reasons. Most 
of the work has been concerned with tissues other than cardiac muscle. Those 
investigators who were interested in cardiac muscle often preferred to use the 
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_ hearts of cold-blooded animals, such as the frog and terrapin. Many studies of 
effects of acid and alkali involved extreme departures from neutrality. The OO, 


percentage was often varied merely to produce changes in pH so that no dis- 
tinction could be made between the effects of pH and H,CO,. Mention of such 
work, however, cannot well be omitted, and the present results will be dis- 
cussed in relation to the possible independence of electrical and mechanical 
activity, to the importance of carbonic acid apart from its influence on pH, and 
to the means by which changes in extracellular pH might affect the force of 
contractions. | 
The relation of electrical to mechanical activity 

Changes in electric potential and the development of contractions were at 
one time thought to be inseparable in heart muscle, but evidence against this 
view exists, and muscle fibres have sometimes been regarded as consisting of 
contractile elements surrounded by tubular envelopes of polarized membrane, 
the two components being essentially separate entities. As early as 1913 
Mines demonstrated that in solutions containing little calcium the force of the 
contractions of a frog’s heart was reduced by 99% without any great change 
in the electrocardiogram being observed. This independence of electrical and 
mechanical activity in the frog’s heart was confirmed by Bogue & Mendez 
(1930). A similar independence was found to exist in mammalian heart by 


Garb (19514) who employed the cat papillary muscle preparation of Cattell & © 


Gold (1938). Garb (19516) and Greiner & Garb (1950) showed that the thres- 
hold to electrical stimulation in such muscles could be changed by agents which 
did not alter the force of contractions. Recent experiments (Vaughan 
Williams, 1954) upon isolated rabbit auricles revealed that acetylcholine 
produced changes in conduction velocity which occurred at a different time 
from changes in the rate and force of contractions. In a skeletal muscle fibre, 
as is well known, quite large changes in potential can occur without any accom- 
panying development of tension, during subthreshold stimulation, for example, 
or when the motor end plate is depolarized after fatigue or in the presence of 
curare, 

If the conduction velocity of muscle changes, it is reasonable to suppose 
that there has been some change in membrane activity (Hodgkin, 1954). The 
present results provide evidence of the independence of electrical and mechani- 
cal activity, in so far as the membrane change associated with a change in 
conduction velocity can occur without altering the force of contraction. On 
the other hand, the absence of a change in conduction velocity does not 
necessarily imply that there has been no change at all in membrane activity. 
For example, conduction velocity might be mainly dependent upon the rate 
of entry of sodium into the muscle fibre, while the force of contraction might 
depend upon the rate of exit of potassium, which could change in the absence 
of any alteration in conduction velocity. There is already some evidence on this 
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point. In the presence of acetylcholine, the rate of repolarization of the mem- 
brane is greatly increased, and this shortening of the duration of the action 
potential may be the cause of the depression by acetylcholine of the force of 
contraction (Burgen & Terroux, 19536; Hoffman & Suckling, 1953). These 
authors do not agree, however, in their accounts of the effect of acetylcholine 
on conduction velocity. The results reported here indicate that changes in 
electrical activity associated with changes in CO, can occur without any effect 
on contraction, but the converse possibility, that the changes in contractile 
force associated with changes in pH occur independently of membrane effects 
cannot be assumed, since absence of change in conduction velocity cannot 
alone be taken to imply absence of all membrane changes. } 


The pace-maker 

There is a considerable literature concerning the effects of acid on sailins 
function. In the dog, Jerusalem & Starling (1910) found that the heart was 
slowed by CO, in excess of 8%, but Brown & Miller (1952) found that dog 
hearts would continue to beat in a concentration of 909% CO,. Gertler, Hoff & 
Humm (1946) showed that the pH had to fall to 7-0 before cardiac function 
was affected, arrest occurring at pH 6-2. Whitehorn & Bean (1952) showed that 
115% CO, slowed the heart and prolonged A~V conduction. In the frog, 


Mines (1913) and Izquierdo (1930) found the heart was slowed by acid (borate- _ 


acetate buffers), and Clark (1913) observed a reduction in the force of the beat 
also at pH 6-5. Dale & Thacker (1914) noted that the sinus stopped beating 
at pH 4, the auricle at pH 5-4 and the ventricle at pH 6-5. Andrus & Carter 
(1922) studied the heart of the terrapin. The stability of the pH of their buffer 
system must be regarded with caution, however, for they acidified the Ringer 
(which contained 0-015°, NaHCO,) with HCl, without any equilibration with 
CO,. They found that acid decreased the heart rate and prolonged the duration 
of the electrocardiogram, while alkali did the reverse. The same was also found 
to be true in perfused dog hearts (Andrus & Carter, 1924), though here again 
bicarbonate without. CO, was used as a buffer. In another investigation 
(Andrus, 1924) on rabbit auricles, in which the bicarbonate buffer was 
equilibrated with varying concentrations of CO,, it was found that alkali did 
not increase the rate, which remained stable until the pH fell below 7-2. These 
results are in exact accord with those presented here. 

The fact that the auricle slows down in acid, but does not quicken in alkali, 
may be related to the observations of Adrian (1920) who found that the effect 
of acid was to raise the threshold to electrical stimulation. Also Hartree & 
Hill (1924) found that the speed of the development of recovery-heat in frog 


skeletal muscle was affected by acid but not by alkali. 


Effects of CO, on nerve. Adrian (1930) found that isolated mammalian nerves 
in oxygen or unbuffered Ringer became spontaneously active, impulses being 
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set up at the cut ends. The activity was diminished if the nerves were placed in 


serum or solutions containing calcium chloride. Lehmann (1937) showed that 


this spontaneous activity was a function of the pH, and disappeared in solu- 


tions more acid than pH 7:5, in which no calcium would, of course, be pre- 
cipitated. He varied the pH of his solutions by altering the concentration of 
CO,. Of particular interest, therefore, was his observation that conduction 
velocity was about 15% faster at pH 7-2 than at pH 7-8, for it shows a correla- 
tion between conduction velocity and pCO, in mammalian nerve. 

The following evidence also points to a close relation between CO, and the 
activity of the nerve membrane. Amberson & Downing (1929) and Necheles & 
Gerard (1930) observed that the refractory period was prolonged by exposure 


_ to CO, concentrations greater than 3%. The latter showed also that CO, 


increased the size of the action potential, raised the threshold and first raised 
and then lowered the resting potential. Laget & Legouix (1951) and Nieder- 
gerke (1951) also found that CO, raised the threshold to electrical stimulation. 
Lorente de N6 (1947) observed that conduction velocity was slower in 5-6% 
CO, than in air. In these experiments, however, the nerves were exposed to 
gas and not to buffered solutions, so that the pH of the extracellular spaces 
may have become strongly acid. 

CO, or pH. A question of obvious relevance is whether there is any evidence 
that CO, is able to influence biological functions independently of the changes 
it may produce in pH. The discovery of the importance of carbon dioxide in the 
control of respiration led to an interest in its possible role as a regulator of 
cardiac function also. In 1893 Ringer had shown that bubbling CO, through 
fluid perfusing a frog heart led to an immediate arrest of the beat, and subse- 
quent work (Waller & Sowton, 1896) had confirmed the opinion that carbon 
dioxide was purely depressive. Some years later Jerusalem & Starling (1910) 
found that in heart-lung preparations (cat and dog) supplied with blood, the 
presence of a small proportion of CO, in the inspired air was actually beneficial, 
the optimal concentration being about 5%. It was shown that the CO, dilated 
the ventricles, and increased the coronary flow (Markwalder & Starling, 1913). 
These findings were confirmed by Patterson (1914). The importance of pH had 
only recently been recognized at that time, and for many years it was widely . 
accepted that CO, was active by virtue of its effect on the hydrogen-ion con- 
centration (Winterstein, 1911; Hasselbalch & Lundsgaard, 1912; Campbell, 
Douglas, Haldane & Hobson, 1913). | 

Hooker, Wilson & Connett (1917), on the other hand, showed that arterial 
blood had a greater effect upon respiration when it was acidified with CO, 
than when the pH was changed with HCl, and Scott (1918) demonstrated that 
inspired CO, was still able to increase the ventilation when the blood was more 
alkaline than pH 7-5. Dale & Evans (1922) found that the circulatory changes 
following alterations in the carbon dioxide content of the blood were related 


{ 
a 

nf 
4 
4 
i 
? 
> 

= 

iat 
; 

at 

d 
oat 
4 


106 E. M. VAUGHAN WILLIAMS 


to the pCO, rather than to the pH changes produced. Gremels & Starling 
(1926) also demonstrated that pH changes produced by CO, had a greater 
effect on the dog heart volume than changes produced by HCl. Further, the 
_ changes in function in response to CO, occurred several minutes before the 
blood pH had become stable. Heymans, Bouckaert & Dautreband (1930) also 
produced evidence that CO, stimulated respiration in the absence of any 
change in blood pH. More recently, Leusen (1950) showed that the respiratory 
centre responded when the cerebral ventricles of the dog were perfused with 
fluid equilibrated with CO, to give an acid pH, although fluid made acid 
(even to pH 6-9) by other means had no effect. 

The reply was made (e.g. Douglas & Havard, 1932) that while an Alteration 
of the blood CO, brought about a change in intracellular pH, variations of pH 
in the blood produced by other means were not necessarily accompanied by 
changes of pH inside the cells. The crux of the matter is the extent to which 
the membrane is permeable by the relevant ions. In connexion with the results 
reported here two possibilities may be considered. 

When, at a constant CO,, the external bicarbonate was increased at the 
expense of chloride, if the resulting alkaline extracellular pH caused a similar 
intracellular change, some intracellular anion would have had either to leave 
the cell or go out of solution in exchange for the increased bicarbonate inside. 
Chloride and bicarbonate involved in the ‘chloride shift’ in the red cell can 
cross the membrane in approximately I sec (Dirken & Mook, 1931). But 
muscle and nerve were long thought to be impermeable by anions (Fenn, 1936; 
Davson & Danielli, 1952). Boyle & Conway (1941) claimed that excised frog 
muscle was freely permeable by chloride as well as by potassium, but some of 
their conclusions have been criticized on various grounds (Hodgkin, 1951); 
for example, abnormalities in permeability produced by high external potas- 
sium concentrations have to be taken into account (Hodgkin, 1947). 

If, on the other hand, at a constant CO, an increase in external bicarbonate 
did not affect intracellular pH, the situation would be as follows. An increase 
in external CO, would lower internal pH, whether the external pH was simul- 
taneously changed or not. There is evidence (Trautwein, Gottstein & Feder- 
schmidt, 1953) that conduction velocity is a function of the rate of entry of 
sodium, for it was found by means of intracellular electrodes inserted into dog 
Purkinje fibres that, when the temperature was lowered, Dx V =k, where D 
was the duration of the upstroke of the spike of the action potential and V the 
conduction velocity. The increase in conduction velocity associated with an 
increase in CO, implies, therefore, that a fall in intracellular pH might have 
facilitated the entry of sodium ions. 


Conversely, there is evidence (Burgen & Terroux, 19536) that the force of © 


contraction is a function of the rate of repolarization of the membrane 
(potassium exit); the shorter the duration of this phase of the action potential, 
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the weaker the contraction. The reduction in the force of contraction associated 
with a fall in extracellular pH reported above, might be explained as due to the 
facilitation of the transfer of potassium ions from the inside to the outside of 
the fibre. If this were so, the association of increased conduction velocity with 
increased CO,, and of the diminished force of contraction with decreased 
external pH would both be explicable by the hypothesis that cations moved 
more rapidly than usual towards the side of the membrane which had changed 
its pH in the direction of acidity. In frog skeletal muscle Fenn & Cobb (1934, 
1935) did in fact find that over a certain range of pH potassium moved into the 
cell when the extracellular solution was made more alkaline, and out of the cell 


_ when the solution was made more acid, i.e. the potassium moved towards the 
side of the membrane on which there had been a change in pH in the direction — 


of acidity. They found no evidence of a chloride shift. The internal pH was 
estimated at pH 6-9, a figure which agrees with direct intracellular measure- 
ments on crab muscle fibres made recently by Caldwell (1954). | 

Evidence concerning the effect of pH upon the utilization of sources of 
energy is of possible relevance to the means by which external pH could affect 
the force of contraction. Clark & White (1928, 1930) found that both the 
oxygen consumption and the force of contraction of a frog’s heart were de- 
pressed in a solution of pH. 6-7. Evans, De Graff, Kosaka, Mackenzie, Murphy, 
Vacek, Williams & Young (1934) showed that lactate was utilized directly by 
dog heart muscle. Clark, Gaddie & Stewart (1934) found that frog hearts con- 
tinued to beat in the absence of oxygen if the solution was alkaline; but not if 
it were acid, because then the utilization of carbohydrate was depressed. 
Conversely, Dale (1935) found that the hearts of Hungarian frogs would con- 
tinue to beat when carbohydrate utilization had been blocked by iodoacetic 
acid, provided the perfusion fluid was liberally oxygenated. The depression of 
mechanical activity by acid reported by Clark et al., however, cannot be 
assumed to be related to the correlation of the force of contractions with pH in 
the experiments described above, because in the latter oxygen and carbo- 
hydrate were always available. 

In conelusion, the results may be summarized as having shown that the 
individual effects of CO,, bicarbonate and pH upon rabbit auricles are different, 


and that conditions which favour an increase or decrease in conduction velocity — 


are not the same as those which affect the force of contraction. It is possible 
that the former are primarily associated with changes in sodium permeability 
and the latter with changes in the duration of the action potential, and it is 
hoped that intracellular recordings will provide the additional evidence re- 
quired, Secondly, a study of the internal K concentration would assist an 
understanding of the mechanism by which changes in external pH, at constant 
CO,, affect the essentially intracellular process of contraction. 
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SUMMARY 


1. A study has been made of the individual effects of H,CO,, pH and bi- 
carbonate upon conduction velocity in isolated rabbit auricles, and upon the 
rate and the force of the beat. 


2. CO, was found to have a specific effect upon conduction velocity. The 
higher the CO, the faster the conduction velocity. At a constant CO,, the 
conduction velocity was to some extent increased by alkali and decreased by 
acid, 

3. The force of contraction was greater in alkaline, less in acid solutions, 
except in the presence of a bicarbonate concentration in excess of 20-30 mm, 
by which the contractions were depressed even when the solution was alkaline. 

4. In the absence of external pH —— the force of contraction was in- 
dependent of the pCO,. 

5. The rate remained stable over a wide range of CO,; pH and bicarbonate. 


It was often depressed, however, when. _ pH fell below 7:2, but was not 
increased by alkali. 


6. If conduction velocity is a direct hinstion of the rate of entry of sodium 
ions, and the force of contraction an inverse function of the rate of exit of 
potassium ions, the association of increased conduction velocity with increased 
CO,, and of decreased contractions with acid extracellular pH, might both be 
explained by the hypothesis that cations moved more rapidly than usual 


towards the side of the membrane whose pH had been changed in the direction 
of 
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The aqueous humour and cerebrospinal fluid (c.s.f.) are specialized tissue fluids 
with a number of features in common. Just how far the analogy between the 


two fluids may be carried, however, is by no means clear, and in this work the 


two fluids, drawn from the same animal, have been compared with a view to 
establishing points of similarity and difference. The aspects investigated have 
been the distribution of certain solutes between the fluids and plasma, and 
kinetic studies of the blood-aqueous and- blood-c.s.f. barriers. The interpreta- 
tion of these kinetic studies required an investigation into the uptake of 
material by the lens from the aqueous humour, and a study of the kinetics of 
uptake of material by the brain tissue—the blood-brain barrier. 


METHODS 


For the studies of the steady-state ratios, involving the use of isotopes in laboratory animals, these 
were injected intraperitoneally 24-48 hr before removal of the fluids, In general, after this period, 
the plasma concentration showed only small and inconsistent variations from hour to hour. 
Under pentobarbitone anaesthesia the blood, aqueous humour and c.s.f. were withdrawn, the last- 


named fluid by atlanto-occipital puncture, about 0-9 ml. being taken. Dialysates of plasma were | 


made with the apparatus described earlier (Davson, Duke-Elder & Maurice, 1949). The plasma 
was dialysed against an equal volume of a mixture of isotonic NaCl and NaHCO, solutions (2; 1) at 
pH 7:4; the substance of interest was added to the solution when necessary so as to give roughly 
the same concentration as that in the plasma when the steady-state distribution between plasma 
and aqueous humour or was determined; e.g. 8 mm-glucose, 1 ma-"*Br and 0-05 
Fluids from the horse were withdrawn under chloroform anaesthesia, with the kind assistance of 
Dr Paterson, Director of the Experimental Farm, C.D.E.E., Porton. The kinetic studies were 
carried out on adult Flemish Chinchilla rabbits with an average body weight of about 3 kg. No 
general anaesthesia was employed until the moment came for removal of the c.s.f. The general 
technique was similar to that described earlier (Davson & Matchett, 1953), a high plasma concen- 
tration of the substance studied being established by an initial intravenous injection of 10 ml, of 
an isotonic solution, and maintained by continuous infusion with a variable-speed injection 
machine (Daveon & Purvis, 1952). During the course of the injection, blood samples were with- 
drawn, and at the appropriate moment the animal was anaesthetized, about 0-9 ml. of o.s.f. 
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withdrawn, and the anterior chamber of the eye emptied. When the lens and vitreous body were 
analysed the eye was enucleated, placed in solid CO,, and dissected when frozen. The isotopes 


: employed were received from Harwell in the following forms: *Na,CO,; “KHCO, ; NH,®Br (this 


contained the short-lived isotope Br as well); and carrier-free I which, for the purposes of 
injection, was made up in a mixture of isotonic solutions of NaI and NaCl in the proportion of 
30 to 70, so as to minimize losses to the thyroid. When the analytical method required the use of 
a protein-free filtrate, all three fluids were submitted to the same procedure. When brain tissue 
was analysed, a Somogyi-filtrate was prepared from about 2 g of the whole minced brain. Isotopes 
were estimated in either liquid counters of the M 6 (20th Century Electronics) type or by the window- 
type (G.E.C.-C.V. 2138) in nickel trays containing 1 ml. of water plus 0-1 ml. of the fluid to be 
examined. Corrections for resolving time, decay and background were made when necessary. 
Chloride determinations were usually made by the Volhard method, the titration being carried out 
after filtering off the AgCl precipitate through a Gooch crucible; for studies on the brain filtrate, 
however, the Sendroy (1937) technique was employed. Sodium was determined by the Barber & 
Kolthoff (1928) method as described earlier (Davson, 1939); thiocyanate by the method of 
Aldridge (1945); creatinine by the Folin-Wu method (1919); thiourea and its derivatives by the 
modified method of Chesley (1944) described earlier (Davson & Matchett, 1953), the phosphate 
buffer, however, being replaced by a citrate-HCl mixture to permit of the use of Somogyi filtrates 
of brain and lens. Glucose was determined by the Hagedorn & Jensen (1923) method and sucrose 


by the same method, after hydrolysis; p-amino-hippurate was determined by the method of 


Bratton & Marshall (1939); and ascorbic acid by titration of 1 ml. samples in acetic-metaphos- 
phoric acid with 2:4-dichlorophenol-indophenol. In the calculation of the results, corrections were 
applied for the greater specific gravity of} plasma; for dilution errors due to the presence of heparin 
solution in the blood-syringes; and, in the kinetic studies, for the high plasma concentration during 
the first few minutes of injection, and for any adsorption of the penetrating solute by the plasma 
proteins. Conductivity of the aqueous humour and c.s.f, was determined with an impedance- 
comparison meter at a frequency of 10,000 c/s, the fluids being drawn into a conductivity cell, 
which was made out of a1 ml. pipette by inserting two electrodes into the bulb; the pipette 
was completely submerged in melting ice ina Dewar flask. Depression of cicsioe, Aeolian 
measured with the apparatus recently described (Davson & Purvis, 1954). 

The chemical and counting errors were rarely greater than 1 %, except where the concentration 
in the fluid was very low (e.g. p-amino-hippurate in the c.s.f.). In general, analytical errors were 
overshadowed by the animal-to-animal variation. The total number of animals used for the kinetic 
study of any substance is mentioned in the legends to the figures describing the results. The coefti- 
cient of variation for the values of the concentration-ratios shown in the graphs varied between 
2 and 10%. 


RESULTS 
Distributions, soaduntiinty and total osmotic concentrations 
In Table 1 are shown the distributions of Cl-, “Na, ®*Br, #K, 441, glucose 
and ascorbic acid, between plasma and aqueous humour (r,,) and plasma and 


c.8.f. (74), Where r is the ratio: Concentration in fluid water/Concentration in 
plasma water. In the same table are included values for the distributions 


between plasma and its dialysate (rp,,)), 80 that deviation from thermodynamic 


equilibrium can be readily ascertained, an excess of a substance in the aqueous 
humour or ¢.s.f. being indicated by a value of r greater than rp,,;. The values 
of r,, and particularly of r¢,,, for I, were very variable and the limits rather 


_ than the means are presented. It will be seen that there is a slight deficiency of 


chloride in the aqueous humour by comparison with a dialysate, and a large 
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deficiency of iodide, but a small excess of sodium. In the c.s.f. the excess of 
sodium is considerably larger, the concentration being some 9% greater than 
“that required by a Donnan distribution; chloride, too, is in large excess (16%), 
whereas there are large deficiencies of potassium, bromide and iodide, in 
agreement with earlier findings (see, for example, Kral, Stary & Winternitz, 
1929; Wallace & Brodie 1940). The concentration of the reduced form of 
ascorbic acid is very much higher in the aqueous humour than in the c.s.f. No 
attempt has been made to compute distribution ratios with this substance as 
the concentration of the reduced form in the plasma is said to be negligibly 
small (Plaut & Biilow, 1935). The total reducing values of both aqueous humour 
and c.s.f. are considerably less than in the plasma; the much greater deficiency 
in the c.s.f. is nearly equal to that observed in the vitreous body (Davson & 
Duke-Elder, 1948). The large difference in sodium and chloride concentrations 


TaBLE 1, Distributions of various substances between aqueous humour and plasma (r,,), ¢.8.f. 
and plasma (fo), and plasma-dialysate and plasma (rp,,;), where r represents the ratio: 
concentration in fluid water/concentration in plasma water 


Substance Taq Tost T Dial 
0-96 +0-01 1-03 + 0-005 0-945 + 0-003 
ak 0-95540-02(5)  0-5240-04 (5) 0-96 +0-005 
1-015+0-01 1-21+0-007 1-04+0-006 
0-98+0-015 0-715 +0-02 0-96+0-01 (3) 
131] 0-32-0-51 (5) 0-004-0-04 (4) 0-85 +0-01 (4) 
Glucose 0-86 + 0-025 0-64+40-02 0-97+0-01 
Ascorbic acid 18-5 mg/100 ml. 1-55 mg/100 ml. _ 


With ascorbic acid the concentrations in aqueous humour and c.s.f. have been presented, as it is 
doubtful whether the reduced form of this substance is present in the plasma. Limits are standard 
errors. Numbers in brackets are numbers of experiments where these were less than six. 


between c.s.f. and aqueous humour might be expected to be reflected in 
a difference in electrical conductivity and in total osmolar concentration, as 
determined by depression of freezing-point; in studies on six rabbits theaverage 
difference in conductivity was 3:8% (+0-3 s.z.), the c.s.f. having the larger 
value, and the difference of total osmolar concentration was 3-5 % (+ 0-11 8.z.), 
the c.s.f. being the more concentrated solution. The large difference in chloride 
concentration between c.s.f. and aqueous humour in the rabbit follows from 
the circumstance that the distribution of this ion between plasma and aqueous 
humour is close to that required by the Donnan equilibrium, whereas the 
distribution between plasma and c.s.f. differs markedly from this requirement. 
In other species, however, the distribution of chloride between plasma and 
aqueous humour may diverge very widely from the Donnan distribution 
(Davson, Matchett & Roberts, 1952), r,,, having a value of 0-935 in the guinea- 
pig, lying at one extreme of the series, and a value of 1-14 in the horse, at the 
other end. In Table 2 the values of 74,, Tose 204 Tpja: for both sodium and 
chloride in a number of species are presented. It will be seen that the chloride 


and sodium distributions between plasma and c.s.f. do not vary greatly from 
PHYSIO. CXXIX 
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species to species; the same is true for the sodium distribution between slaning 
and aqueous humour, so that it is essentially the chloride distribution between 
plasma and aqueous humour that shows a very large species-to-species variation. 

Effect of age on chloride distribution. During studies on the chloride distribu- 
tion between the aqueous humour and plasma of different species, a variability 
was encountered which was traced to the use of immature animals. In all the 
species studied, the chloride distribution was closer to a Donnan distribution 


in the immature animal. Thus young puppies of 3-5 months had an average — 


value of r,, equal to 1-03; 3 calves of 10-28 days a ratio of 1-09; these may be 
compared with values of 1-07 and 1-13 in the respective adult animals. 


TaBLE 2. Distributions of chloride and sodium between aqueous humour and plasma (r,,), c.s.f. 
and plasma (r¢,,), and plasma-dialysate and plasma (rp,,)), in various species 


Chloride Sodium 
Species Taq T Oat T pial Taq T Oat T Dial 
Dog 1-07 1-11 1-02 0-96 (5) 0-945 
1-055 (4) 115(4) 0-98" (3)  1-01*(3) 0-985 
Rabbit 1-01 1-21 1-04 0-96* 1-03* 0-945* 
Guinea-pig 0-935 1-18 1-02 0-98* 1-04* 0-955* 


Asterisks indicate that the distributions were determined with “Na. Numbers in brackets 
indicate number of experiments where these were less than six. In all cases, c.s.f. and aqueous 


humour were from the same animals. Values for rp,,; for cat and dog taken from earlier work 


(Davson, Duke-Elder & Maurice, 1949). 


Penetration of non-electrolytes and ions into aqueous humour and cerebrospinal 
fluid | 

Note on terminology. By the expression ‘rate of penetration’ we imply a permeability constant, 
i.e. the number of molecules passing unit area of a separating membrane in unit time with unit 
difference of concentration. In the present kinetic studies the variables measured are a ratio of 
concentrations, e.g. C,,/Cp,, and time; without a knowledge of the area-to-volume relationship of 
the system, it is impossible to deduce a true permeability constant for any penetrating substance. 
If a single system is studied, however, a transfer constant of dimension t-! may frequently be 
deduced from the curve of Cyp44/Cp, against time, and this will be proportional to the true rate of 
penetration or permeability constant. Thus, inspection of a series of curves of Cpig/Cp, against 
time will enable us to state qualitatively that the rates of penetration of the substances concerned 
are in a certain order, and the computation of transfer constants, where possible, will provide 
a measure of the differences in permeability. When two different systems are compared, however, 
the differing area-to-volume relationships will preclude any deductions as to the rates of penetration 
of given substances into the separate fluids, and a comparison of transfer constants in the two 
systems permits only the statement that the rates of approach to equilibrium, or the steady-state, 
are greater or less in the one system than in the other. In the following description, therefore, the 
expression ‘rate of equilibration’ has been used wherever comparisons between the two systems 
have been made, and the use of the term ‘rate of penetration’ has been confined to those instances 


where it is clear from the context that we are concerned with relative rates of penetration into the 
same fluid. 


In the present work the simultaneous penetration of the following substances 
into both aqueous humour and cerebrospinal fluid has been studied: *Na, 
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sBr, 51], “K, CNS-, thiourea, methyl thiourea, ethyl thiourea, propyl thiourea, 
ethyl alcohol, creatinine, glucose, sucrose and p-amino-hippurate. **Na and 
thiourea were studied together in the same animal, so that any comparisons 
between these two substances are exceptionally accurate. The results for most 
of the substances studied are presented in Figs. 1-3, where the ratio: 


Concentration in fluid (C ag OT 
Concentration in plasma (C;,) 


x 100 


has been plotted against time. (For propyl thiourea only one point is presented 
as this substance is no longer manufactured, and the amount available was only 


adequate for nine experiments.) 


A comparison of the sets of curves in the figures indicates, in general, that 
the relative rates of equilibration of plasma with aqueous humour, on the one 


hand, and of plasma with c.s.f. on the other, bear some relation to the absolute 


rates. Thus the equilibration of creatinine between plasma and aqueous humour 
is relatively slow, but more rapid than the corresponding process in the c.s.f. 
Thiourea equilibrates more rapidly, and the discrepancy between the rates is 
smaller; methyl thiourea equilibrates still more rapidly, and now it is difficult 
to say, on inspection, whether there is any discrepancy at all; finally, with 
ethyl alcohol, the most rapidly equilibrating substance studied, the discrepancy 
has changed sign, equilibration between plasma and c.s.f. being obviously the 


more rapid process. 


With substances that penetrate very slowly into the c.s.f., such as sucrose, 
p-amino-hippurate, thiocyanate, and iodide, it was not considered profitable to 
study penetration over many periods of time, owing to the larger animal-to- 
animal variability, and the greater experimental errors involved in the deter- 
mination of the small amounts of material that penetrate the c.s.f. Instead, 
the values of O,,/Cp, and Cg,¢/Cp, after 120 min have been tabulated (Table 3). 
It will be seen that with these very slowly penetrating substances the general 
trend is obvious, the smaller the concentration found in the fluid after 120 min 
the bigger the discrepancy between aqueous humour and c.s.f. No further quan- 
titative significance should be attached to the results on “I and thiocyanate, 
however, since the variability encountered was unusually high and was probably 
due to the intervention of some metabolic process in the brain tissue. 

Penetration into the lens. It will be noted from Fig. 1 that, with the slowly | 
penetrating substance, creatinine, the value approached by C,,/Cp, at larger 
values of ¢ is markedly different from unity; as the speed of penetration of 
a substance increases, this limiting value approaches unity. With the 0.8.f., 
the same phenomenon is observed (Fig. 2), but the steady-state ratio of unity 
is certainly achieved with methyl] thiourea, and is possibly approached by the 
more slowly penetrating thiourea, although in the aqueous humour the corre- 


sponding values, estimated by a logarithmic extrapolation, are sas Aes 
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Fig. 1. Penetration of some non-electrolytes into the aqueous humour. 

| concentration in aqueous humour (C',,) 
concentration in plasma (C'p,) 
Abscissae: time in min. 


x 100. 


(Numbers of animals used: ethyl alcohol, 21; propyl thiourea, 9; ethyl thiourea, 41; methyl 


thiourea, 32; thiourea, 82; creatinine, 23. P represents propyl! thiourea.) 


Fig. 2. Penetration of some non-electrolytes into the c.s.f. 
: concentration in c.s.f. (Co,¢) 
concentration in plasma 
Abscissae: time in min. 
P reprsets propyl thioure, 


x 100, 
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Fig. 3. Penetration of some ions into aqueous humour (full lines) and c.s.f. (broken lines). Ordinates 


and abscissae as before. (Numbers of animals used: **Br, 35; CNS, 20; #K, 18; *Na, 75.) 
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and 0-85 respectively. It was considered that these: relitively small dis- 
crepancies. of the limiting values of C,,/Cp, from unity, observed with the 


thioureas (as opposed to the larger ones observed with creatinine, etc.) were 
due to penetration into the lens which, in the rabbit, has nin twice the 


TABLE 3. The of slowly penetrating substances. ‘Aq 2nd Cog are the concentrations | 


in the aqueous humour and c.s.f. respectively, 120 min after a constant concentration, Cp, 
had been established in the plasma 


Substance Cont! Cr, 
Thiocyanate 0-67 +. 0-035 0-095 + 0-06 
Iodide 0-48 + 0-03 0018+0-03 
Creatinine 0-176+0-008 0-055 + 0-006 
Sucrose 0-070 + 0-008 0-022 +.0-004 
_ p-Amino-hippurate 0-070 +. 0-005 0-0035 + 0-0005 


chioures 
exhy! = 


and Se (x 100) 


0 60 120 180 240 300 
Time (min) 


Fig. 4. Penetration of thiourea and ethyl thiourea into aqueous humour and lens. 
eile concentration in aqueous humour (C,,) or lens (Cy.n,) x 100. 


concentration in plasma 
Abscissae: time in min. 


(Curves for penetration into aqueous humour are the same as in he d. Points for the lens 
curves represent means of not less than six lenses.) samen fe | 


weight of the aqueous humour. That this could be a significant factor was 
shown by analyses of lenses taken from eyes at different stages in equilibration; 
thus Fig. 4 shows the penetration of thiourea and ethyl thiourea into the 
aqueous humour and lens; the fact that even after 5 hr the concentration in 
the lens is considerably less than that in the aqueous humour shows that the 
loss of material to the lens must be a powerful factor in determining the slope 
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of the curve of O,,/Cp; against time at the later stages of equilibration. 
According to the view developed earlier (Davson & Matchett, 1953), the great 
bulk of a substance such as thiourea would penetrate the anterior chamber by 
flow through the pupil, a relatively small proportion entering by diffusion 
across the iris. If this were true, we should expect the uptake by the lens to 
take place mainly during the flow through the pupil, rather than by a back- 
diffusion from the anterior chamber. In the former case the uptake should be 
independent of pupillary area, whilst in the latter it should vary linearly with it. 
By treating one eye of an animal with atropine and the other with pilocarpine, 
a difference in pupillary area of about 16-fold was obtained, yet the amounts of 
thiourea penetrating the two lenses were approximately equal, the eye with 
the smaller pupil actually having the greater amount owing to the action of 
pilocarpine, which slightly increases the rate of formation of the aqueous 
humour. That the thiourea taken up by the lens comes predominantly from the 
aqueous humour, as opposed to diffusion from the vitreous body, was shown by 
sectioning the frozen lens equatorially; in all cases studied, the anterior half 
contained about twice as much as the posterior half. 

Penetration into the vitreous body. An analysis of the curve of so of 
*4Na into the aqueous humour indicates that it approaches a steady-state 
ratio of about 0-89; in this case there is no doubt that the steady-state level is 
temporary, since after 24-48 hr the ratio is 0-96 (Table 1); diffusion of this 
isotope into the lens during the course of equilibration of plasma with aqueous 
humour is unlikely to be a significant factor, since the concentration of sodium 
in the lens is very small (Langham & Davson, 1949); loss to the vitreous body, 
however, is likely to be very significant since diffusion of sodium into this body 
from the choroid is negligible (Davson, Duke-Elder, Maurice, Ross & Woodin, 
1949), at any rate in the cat; it therefore seems likely, as Maurice (1951) has 
argued, that the temporary steady-state approached by **Na is due pre- 
dominantly to loss to the vitreous body. In the course of this work a number 
of analyses of lens and vitreous body have been carried out, at different stages 
of equilibration with the plasma, during kinetic experiments with Na, “K, 
thiourea, and ethyl thiourea. The results are presented in Table 4, in which the 
values of the ratios: C,,/Cp,, Cyitreous/Cp, and Openg/Cp;, attained after the 
stated intervals, are given. With Na it is clear that losses to the lens are not 
significant; with “K, thiourea and ethyl thiourea they are very significant. 
Equilibration of the vitreous body almost keeps pace with that of the aqueous 
humour in the case of ethyl thiourea, but lags behind in the case of the other 
substances, as a result, presumably, of the diminishing contribution of diffusion 
from the choroid and retinal capillaries. With *Na and “K, therefore, losses to 
the vitreous body will be relatively large; moreover, since “K is also taken up 
strongly by the lens, we may expect a much more serious deviation from 
a simple logarithmic course of penetration than with “Na. 
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Tass 4. Equilibration of aqueous humour, lens and vitreous body with the blood plasma, 
Cag» Crite 20d Cron, are the concentrations in the aqueous humour, vitreous body and lens, 
respectively, at the stated interval after a constant concentration, Cy,, had been established 
in the blood plasma. Concentrations computed as weights per unit weight of water. 


t Cag Cons 
Substance (min) Cy On 
Thiocyanate 120 0-665 0-28 0-185 
Todide 120 0-48 0-125 
Thiourea 120 0-59 "0432 0-32 
| 180 0-71 0-59 0-385 
240 0-77 0-73 0-475 
300 0-81 0-74 0-56 
Ethyl thiourea 30 0-42 0-335 0-18 
| 60 0-62 0-57 0-26 
180 0-90 0-89 0-51 
“aK 60 0-425 0-10 0-43 
120 0-56 0-19 0-99 
“Na 120 0-60 0-165 
180 0-75 0-23 0-026 
240 0-78 0-35 — 
. 300 0-83 0-405 0-05 
Br 120 0-745 0:16 


Penetration of glucose 
The measurement of the penetration of glucose into the c.s.f. is not easy, 


since a knowledge of the concentration originally present is required; this 


would involve a preliminary withdrawal of fluid which would most probably 
upset the normal pressure relationships. An approximate measure can be 
obtained, however, from the concentration in the aqueous humour; thus the 
average of ten experiments in which both fluids were withdrawn simultaneously 
gave a value of 0°74 for the ratio: Co/C,,. The experimental procedure 


consisted, therefore, of withdrawing one aqueous humour; establishing a high | 


concentration of glucose in the plasma, and withdrawing the second aqueous 


humour and the c.s.f. after 60 min. The results of seven experiments gave the 


following mean figures (Cp, being given the arbitrary value of 100): 


Cy Aq’ Ona? Cott Cong? 
100 35 66 26 41-5 


Kinetics of penetration into the brain tissue 

The c.s.f. is in close diffusional relationship with the cerebral tissue, which is 
supplied by the cerebral capillaries; a substance in the blood may presumably 
pass into the c.s.f. by way of the choroid plexuses; further possible routes are 
a direct diffusion from the vessels of the pia, and finally, a less direct diffusion 
from the cerebral capillaries by way of the cerebral extracellular fluid; alter- 
natively, the concentration gradients may be favourable for diffusion from the 
c.s.f. into the cerebral extracellular fluid. To obtain evidence of the concentra- 
tion relationships during equilibration with a constant plasma concentration, 
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the brain was excised, after removal of the c.s.f., and both were analysed. For 
the interpretation of the results an approximate estimate of the extracellular 
volume is required, and for this purpose the ‘chloride-space’ and ‘sodium- 
space’ were determined. Animals were injected with “Na and 48 hr later 
a blood sample was taken, the c.s.f. was withdrawn and the brains treated as 
above. The chloride- and “Na-spaces were calculated as the weights of fluid 
that would contain the observed amounts of chloride or “Na in 100 g of tissue 
at a concentration corresponding to that in a dialysate of plasma; the values 
obtained were 31-4% +0-8 and 34-6% +0-8 respectively. Since these figures. 
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Time (min) 
Fig. 5. Penetration of “Na into c.s.f. (smooth curve) and brain extracellular H,O (points). 
concentration in c.s.f. (Cos) or brain extracellular H,O 
Ordinates: 
concentration in plasma 

Abscissae: time in min. 

(Curve for “Na is the same as in Fig. 3. Points are mean figures derived from a total of 
twenty-one brain analyses.) 


x 100. 


must represent upper limits to the actual extracellular space, the chloride- 
space, being the smaller, has been chosen. In calculating the results of kinetic 
experiments on the penetration of *4Na it may be assumed, as a first approx!- 
mation, that penetration is confined to this compartment of the brain; on this 
basis, the points plotted in Fig. 5 have been computed, the smooth curve being 
the average-course of penetration of Na into the c.s.f. It will be seen that the 
points lie sufficiently close to the curve to suggest that the blood-c.s.f. and the 
blood-brain barriers are very similar in respect to sodium, in the sense that the 
rate of equilibration of the c.s.f. with plasma is approximately equal to the rate 
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of equilibration of the brain extracellular fluid with plasma. A similar con- 
clusion was teached by Wallace & Brodie (1939) with respect to the anions 
Br , I and CNS , and in the course of this work some studies with ®Br were 
in excellent agreement. With the remaining substances studied, namely 
creatinine, thiourea, methyl thiourea, ethyl thiourea, propyl thiourea and 
ethyl alcohol, the presentation of the results is not so simple because the sub- 
stances will penetrate the cells of the tissue at increasing rates. Since we are 
concerned chiefly with the concentration relationships between c.s.f. and 
extracellular fluid, it is sufficient to compute upper and lower limits to the 


TaBLE 5. Equilibration of c.s.f. and brain tissue with the plasma. C,, is the concentration in the 
c.8.f. at the stated time after a constant concentration of the substance, Cp,, had been estab- 
lished in the plasma. Cg,, is the concentration that would be found if the substance were 
confined to the chloride-space, and Cy,o the concentration if it were equally distributed 
throughout the brain water. 


C. 

t 

Substance (min) Cp Cy Cy 
Creatinine 180 0-08 0-16 0-07 
Thiourea 90 0-44 >1 0-52 
| 180 0-65 >1 0-78 
300 0-74 >1 0-84 
Methyl thiourea 60 0-56 >I 0-82 
120 0-79 >1 1-04 
Ethy! thiourea 0-54 >1 0-76 
60 0-86 >1 1-04 
Propyl thiourea 15 0-42 >1 0-81 
Ethyl alcohol 3 — >1 0-96 
7 0-78 >1 0-93 


concentration of penetrating material in the extracellular fluid; these limits 


will be given by assuming that (a) all the material in the brain is in the extra- 
cellular fluid and. (b) that all the material in the brain is equally distributed 
throughout the brain water (77:1°% by weight). The actual concentration will 
lie between these values. In Table 5, the results of computations carried out in 
this way are presented. We may conclude first, that as lipoid solubility 
increases from creatinine to ethyl alcohol, the rate of penetration of the 
blood-brain barrier increases, just as with the blood-aqueous and blood-c.s.f. 
barriers. Furthermore, it is clear from Table 5 that equilibration with the 
extracellular fluid is more rapid than equilibration with the c.s.f. Thus, after 
maintaining a constant concentration of thiourea in the blood for 90 min, the 
concentration in the c.s.f. was 44% of this; the minimum concentration in the 
extracellular fluid was 52°. With ethyl thiourea, after 30 min, the concentra- 
tion in the c.s.f. was 54% of the constant plasma concentration, whilst the 
minimum extracellular concentration was 76%. The equilibration of alcohol 
with the brain tissue was so rapid that its rate was not measurable; thus, after 
3 min, the minimum concentration was 96 % comparing with a c.s.f. concentra- 
tion of about 35% (Fig. 2); this value of 96% may very well be low, however 
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tissue (to minimize these losses, the brain was immediately frozen in solid CO,). 
This very rapid penetration of ethyl alcohol into the brain tissue is consistent 
with the finding of Bering (1952) that the exchange of D,O between plasma and 
brain is complete in a few sec. We may conclude from these results on non- 
electrolytes that, for the substances considered, when a constant concentration 
is maintained in the plasma, the concentrations in c.s.f. and brain extracellular 
fluid will be such that diffusion will be from the latter to the c.s.f. 


Variation with age 

The rate of penetration of the water-soluble p-amino-hippurate ion into 
the aqueous humour is probably a measure of the ‘leakiness’ of the barrier 
separating it from blood, its penetration being probably by filtration through 
intercellular spaces (Davson, 1953); it is therefore of interest to see how this 
rate changes with age of the animal. A litter of rabbits, 6 weeks old when 


TaB.E 6. Changes in the blood—aqueous and blood-c.s.f. barriers with age. C,, and Co, are the 
concentrations of p-amino-hippurate in the aqueous humour and c.s.f. after a constant 
concentration, Cy,, had been maintained in the plasma for 1 hr. 


Age 

(weeks) Cm 
6 0-24 0-0017 

9 0-145 0-003 

0-115 
13 0-0019 
17 0-090 0-0020 
21 0-060 0-0020 


obtained, was studied. At successive ages, the rates of penetration of p-amino- 
hippurate into both fluids of one rabbit were examined. The results are shown 
in Table 6, which gives the values of C,,/Cp, and Co,4/Op, after a constant level 


seen that the value of 0, ,/Cp, decreases in a period of 15 weeks by a factor of 4; 
the blood-c.s.f. barrier, on the other hand, seems already to be established at 
its adult value at the age of 6 weeks. This finding is consistent with the studies 
of Flexner (1938) on the steady-state distributions of Cl” and urea in embryonic 
and foetal pigs; at term, these were characteristic of the adult animal. Also 
Stern & Peyrot (1927) found that the blood-c.s.f. barrier to ferrocyanide 
attained its adult characteristic in the rabbit within a few days of birth. 


Lack of homogeneity 

There is reason to believe that the ventricular fluid equilibrates more rapidly 
with the plasma than does the subarachnoid fluid, at any rate so far as **Na is 
concerned (Sweet, Selverstone, Solomon & Bakay, 1949). To test the homo- 
geneity or otherwise of the c.s.f. during the approach to the steady state, three 


owing to possible losses of ethyl alcohol during manipulation of the brain 


of p-amino-hippurate had been maintained for 60 min in the blood. It will be — 
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samples were withdrawn, in immediate succession, from the cisterna magna 


30 min after a constant concentration of “Na and ethyl thiourea had been 


established in the blood; the first two samples had volumes of about 0-25 ml. 
whilst the third, obtained by continuing the withdrawal until no further fluid 
could be obtained, had a volume of about 1-0 ml. The mean results of four 
experiments were as follows, where r,, r, and r, are the values of C,,./Cp, for 
each sample at the time of withdrawal: 


*Na Ethyl thiourea 
0-153 0-625 
0-111 0-585 
Ts 0-101 0-630 


It will be seen that with the rapidly penetrating substance, ethyl thiourea, the 
fluid is nearly homogeneous, whilst with “Na the first sample, consisting of 
fluid that has recently left the ventricles, has about a 50% greater concentra- 
tion of this isotope than the last, which is probably derived from the more 
remote regions of the subarachnoid space. 


DISCUSSION 


The interpretation of the steady-state distributions described in this paper ; 
depends on a knowledge of iae kinetics of penetration of the substances 
concerned. In the light of earlier work (Davson & Matchett, 1953), it may be 
stated that three major processes govern the concentration, at any time ?, of 
a penetrating substance in the aqueous humour. These are: (a) Diffusion from 
plasma into the secretory cells of the ciliary epithelium in accordance with the 


equation 
(1) 


where C, is the concentration in the cells. These cells ejecta a fluid, of concentra- 
tion O,, into the posterior chamber of the eye at a rate given by a flow constant, 
ky. (b) A direct diffusion from the iris into the anterior chamber at a rate given 
by ka (Cp; —Caq)- (c) A loss from the aqueous humour by flow into the canal of 
Schlemm at a rate given by k,C',,. The differential equation describing these 


processes is: 
(Cp, —Caq) ag: (2) 


Reasons were given for supposing that with relatively rapidly penetrating 
substances the rate of equilibration of the secretory cells would be large com- 
pared with the other processes: in this event the secreted fluid, entering the 
posterior chamber, would have approximately the same concentration of the 
solute as that in plasma, i.e. C, would be approximately equal to Cn Equa- 
tion (2) then takes the form 


=k (Cpy—Caq)s (3) 
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which on integration gives : 
Cy 
In (i cs) 
Op 


At infinite time a steady state is reached with C,,/Cp, (=r) equal to unity. 
When the rate of equilibration of the secretory cells could not be treated as 
infinite, the solution of equation (2) gave a double exponential expression; this 
showed that the ratio, r, at infinite time must now be less than unity; apart 
from this, however, its employment was not practicable in the analysis of 
experimental results, and a more empirical approach was adopted. It was 
assumed that when the value of r was fairly close to unity, the rate of approach 


to the steady state would be approximately governed by an equation similar 


to namely: 


dC 
kin Cp, koutC aq ’ 


which on integration gives 


r, the steady-state ratio, being equal to k;,,/ko,,. Thus, if it was not practicable 
to determine 7 directly, the left-hand function was plotted against time, 
choosing different values of r until the best straight line was obtained. From 
the slope of the line, kp, could then be determined. This approach, as pointed 
out earlier, cannot be completely justified theoretically, but in so far as it 
provides a numerical parameter, ko,, or k;,, which indicates how rapidly the 
value of C,,,/Cp, approaches a definite value, r, it is of value. To summarize, 
therefore, if we ignore such complicating factors as losses of material from the 
aqueous humour to the lens, vitreous body and cornea, as was done in the 
earlier paper, we may expect, with many substances, to obtain a straight 


line by plotting In ( against time; with the relatively rapidly pene- 


trating non-electrolytes, r will be equal to unity, i.e. k,,, will be equal to ko. 
To apply the same treatment to the cerebrospinal system we could assume 
that analogous mechanisms of penetration are present, namely, a penetration 
into the secretory cells of the choroid plexuses, and carriage into the ventricles 
with the secreted fluid, associated with a direct diffusion from the blood vessels 


of the pia and the parenchyma of the central nervous system. The kinetics of | 


equilibration, in this event, should not differ greatly from those observed with 
the aqueous humour, although the lack of homogeneity in the fluid might be 
expected to cause deviations from a simple logarithmic relationship between 
Opgt/Cp, and time. From Figs. 2 and 3 it is seen that rapidly penetrating 
substances, such as ethyl alcohol and the substituted thioureas, apparently 
approach a steady-state ratio of unity, whilst less rapidly penetrating su! - 
stances, such as creatinine, approach a steady-state ratio considerably less 


In ( = (4), 
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than unity. That in many instances the process of equilibration with plasma 
follows an approximately first-order equation, moreover, is shown by Fig. 6, in 


0 
which In (1 ~ i] is plotted against time, r being the steady-state ratio 
approached at infinite time. The plotted points, in general, fall on straight lines. 


From the slopes of these lines, therefore, it is possible to derive values of. 
a parameter, k;,, with dimensions of t-1, that adequately indicate the relative 


rates of achievement of the steady state. An exception is provided by “K; 


w 


N 


In (1- Se) (x100) 


l 
0 60 120 180 240 300 
Time (min) 
Fig. 6. Penetration of certain substances into the c.s.f. 
Ordinates: In (1 -Se), where Co, and Cp, are concentrations in c.s.f. and plasma at a 
PI 


given time, and r is the value of Cog/Cp, at infinite time (taken as unity for the non-electro- 
lytes, and 1-03 for *Na) 
Abscissae: time in min. 


the steady-state distribution ratio is 0-52 (Table 1) and if this value is used to 
plot In ( ~<et) against time (not shown in Fig. 6) a serious falling off in 
Pl 


slope is found as time increases: This is presunfably due to its diffusion from 
the c.s.f. into the central nervous parenchyma which, with its high average 
concentration of potassium, will act as a ‘drain’ for the isotope. To a smaller 
extent the graphs for Na and thiourea show a tendency to deviate from 
linearity at high values of ¢ (Fig. 6); this is most probably due to the absence 
of homogeneity in the samples, the newly formed fluid mixing ‘only slowly 


with that distributed throughout the subarachnoid space. In order that. 
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parameters, derived from the slopes of the lines of Fig. 6, may be directly com- 
parable with similar ones obtained from measurements on the aqueous humour, 
it would have to be shown that the complicating factors in the eye, namely the . 
losses of penetrating material to the lens and vitreous body, were not suffi- 
ciently serious to modify the simple exponential relationships established 
above, nor yet to influence appreciably the values of the steady-state ratios 
approached during the course of the experimental study. Studies on the lens 
have shown, however, that uptake by this body is a serious factor which may 
impose specious steady-state distribution ratios for the penetration of the © 
thioureas. In the case of “Na it would seem that the vitreous body is the 
dominant factor in determining a specious steady-state ratio of about 0-89, and 
with “K probably both factors combine to produce a serious deviation from 
a simple first-order process. (To save space, this deviation has not been 
demonstrated by a logarithmic plot; it is fairly evident from Fig. 3, however.) 
Strictly speaking, therefore, a comparison of parameters, of the form k,,, 
derived from the slopes of In (1-TA%) and In (1-0) against time, would 
Pl Pl 
be unjustifiable, except possibly in the case of the penetration of ethyl alcohol, 
which is sufficiently rapid to make losses to the lens and vitreous body negli- 
gible. Rather than abstain entirely from quantitative comparisons, however, 
it would be preferable to make some approximation that would permit of 
deductions as to relative rates of equilibration that would not be misleading. 
Fig. 7 shows that the course of equilibration of the aqueous humour with 
plasma does, with a number of substances, follow a roughly logarithmic course 


if In ( _ sas) is plotted against time; i.e. the course of equilibration ap- 


parently follows the simple equation (4), with r’ equal to the specious 
steady-state ratio rather than the true one that would presumably be reached 
at infinite time. In other words, the rate of approach to the specious steady 
state may be approximately indicated by 4, and r’ or ko, and r’, where 
Kout 18 given by the slopes of the lines in Fig, 7; kout is greater than /;, 
because of the loss of material to the lens, vitreous body and cornea. Con- 
sequently, if any parameter is to be chosen as a-measure of the factors favouring 
the influx of material into the eye, ko,, would be preferable to k;,, since it 
includes the material that has entered the aqueous humour and passed out 
into the intra-ocular tissues. With this approximation, one may make a rather 
closer comparison between the rates of equilibration of the two fluids with 
plasma than is possible by a mere inspection of Figs. 1-3. From the slopes of — 
the lines in Figs. 6 and 7 the following values for ko, may be derived (Table 7). 

With regard to the much more slowly penetrating substances, such as 
creatinine, sucrose, and p-amino-hippurate, it would not be profitable to 
attempt to compute any simple parameter characterizing their relative rates 


“ 
4 
i] 
4 
| 
‘ 
| 


OCULAR AND CEREBROSPINAL FLUIDS 127 


of equilibration. We must content ourselves with a simple statement of the 
order of rates of penetration as deduced from the amounts penetrating in the 
two fluids in a given time, as follows: 

c.8.f.: creatinine > sucrose > p-amino-hippurate; 

aqueous humour: creatinine > sucrose, p-amino-hippurate. 


‘It is reasonable to deduce, however, that the discrepancy in the rates of 
‘equilibration between plasma and aqueous humour, on the one hand, and 


L 
0 60 120 180 240 300 
Time (min). 
Fig. 7. Penetration of certain substances into the aqueous humour. 
Ordinates: In (1-42) where C,, and Cp, are concentrations in aqueous humour and 
Pl 


plasma at a given time, and r’ is the specious steady state approached by the ratio: C,,/Cp, 
(taken as 0-85, 0-89, 0-925 and 0-96 for thiourea, “Na, methyl thiourea and ethyl thio- 
urea respectively; a true steady-state ratio of unity has been assumed for ethyl alcohol). 
Abscissae: time in min. 


TaBiE 7, Values of ko, deduced from the slopes of the lines in Figs. 6 and 7 (a value for *Br 
is included; its penetration into the aqueous humour has not been plotted in Fig. 7 to avoid 
overlapping of the graphs) 


kout 
(min~*) 

Substance Aqueous humour 0.8.f. 
Thiourea 0-00965 0-0057 
Methyl thiourea 0-0125 0-0135 
Ethyl thiourea 0-015 0-021 
Propyl thiourea 0-022 0-035 
Ethyl alcohol 0-050 0-225 
“Na 0-0090 0-0041 
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plasma and c.s.f. on the other, is greater with p-amino-hippurate than with 
creatinine; thus, from Table 3 we can see that with creatinine, after 2 hr, the 
ratio C,,/Cp, is some 3 times greater than Co,/Cp,, whilst with p-amino- 
hippurate the ratios differ by a factor of 20. 

Reviewing these results on non-electrolytes, we may conclude that, as the 
rate of equilibration increases, the discrepancy between the aqueous humour 
and c.s.f. decreases to the point where the rates become about equal (with 
methyl thiourea); beyond this point the discrepancy changes sign, in the sense 
that equilibration with c.s.f. is the more rapid process, so that with ethyl 
alcohol the rate of equilibration of c.s.f. with plasma is some five times greater 
than the rate for the aqueous humour. The explanation for this trend could be 
provided by two assumptions: (a) that the rate of turn-over of the c.s.f. is less 
than that of the aqueous humour, and (5) that the factors favouring direct 
diffusion into the c.s.f. are greater than those for the aqueous humour. Thus, 
with substances that penetrate relatively slowly, such as creatinine and 
_ thiourea, there is good reason to believe that direct diffusion into the aqueous 
humour plays an insignificant role, the great bulk of material being carried into 
the eye by secretory flow (Davson & Matchett, 1953); if the same consideration 
were applied to the c.s.f., the rate of equilibration would be smaller with this 
fluid. As the lipoid solubility of the penetrating substance increased, however, 
the importance of diffusion would increase and eventually lead to the more 
rapid equilibration of the c.s.f. The importance of diffusion into the c.s.f. from 
the nervous tissue is revealed by Table 5 showing the upper and lower limits 
of the concentration of the penetrating substance in the interstitial fluid; with 


creatinine the gradient favouring diffusion into the c.s.f..is small; as lipoid. 


solubility increases, the gradient becomes greater and is more rapidly estab- 
lished. With very slowly penetrating molecules, such as p-amino-hippurate and 
sucrose, penetration is presumably through intercellular pores (Davson, 1953); 
the very large discrepancy in rates of equilibration with these substances 
could be due to the existence of far fewer pores in the cerebrospinal system, 
@ view consistent with the presence of less protein in the c.s.f. than in the 
aqueous humour. 

Glucose. Both the fluids exhibit true steady-state ratios deviating from unity 
(0-86 and 0-64 in aqueous humour and c.s.f. respectively), due, presumably, to 
consumption by adjoining tissues. In the absence of complete curves describing 
the penetration of glucose, an assessment of values for ko, must be very 
provisional; the difference between the values for the two fluids revealed, how- 
ever, is sufficiently great to justify the belief that equilibration with the 


aqueous humour is by far the more rapid process. Thus ko, for the —_— 
humour will be given by 
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substituting the values shown in the ‘Results’ gives 0-0155 min-; a similar 
calculation gives 0-0087 min-* for the c.s.f. Hence it would appear that 
equilibration between plasma and c.s.f. is the slower process. 

Penetration of tons. In the aqueous humour it would appear from Fig. 3 and 
Table 3 that the rates of equilibration of ions decrease in the order 


CNS- > K+ > Nat+>I-, 


the position of K* being doubtful, however, owing to the uptake by the lens. 
So far as the c.s.f. is concerned, it is not easy to establish a similar series with 
any degree of confidence. Thus the losses of “K to the nervous tissue are 
apparently so large that.it would be unreasonable to make any quantitative 
comparison between the kinetics of its penetration and those of “Na, beyond 
the statement that penetration of #*K may be slower, since even in the first 
30 min the value of Co,-/Cp, is some 33% less than with Na. Again, the 
behaviour of **Br is anomalous, as the following considerations will show. The 
true steady-state ratio for this ion is 0-715 (Table 1); its initial rate of equili- 
bration with plasma, however, is at least. equal to, if not greater than, that of 
*4Na, which gives a steady-state ratio of just over unity, Consequently, *Br 
penetrates at an initial rate that is inconsistent with its final steady state, if 
we view the process on simple kinetic grounds. An explanation that would fit 
the facts.is that **Br is incorporated.into a complex in the nervous tissue, but 
that this complex diffuses away into the blood stream to be eventually 
excreted. This mechanism would constitute a steady ‘drain’ by which *Br 
diffused out into the nervous tissue without accumulating there and would 
lead to a steady state of less than unity that would last indefinitely. It would 
also provide a possible explanation for the finding of Weir (1942) that the value 
of the distribution ratio approached unity with very large concentrations of 
bromide in the blood (90-95 mm); thus it could be assumed that the chemical 
mechanisms for incorporating bromide into a complex became saturated at 
very high concentrations of the substrate. The steady-state ratio for I is very 
low and variable—0-004—0-04—and the rate of equilibration with plasma, as 
indicated by the value of Cp,/Cp; at 120 min, is low; equilibration between 
plasma and aqueous humour is relatively slow, so that by apalogy with the 
behaviour of non-electrolytes we can expect a slower rate of penetration of 1] 
into the ¢.s.f, than into the aqueous humour, but not such a large discrepancy ; 
it may well be that a similar or greater loss to the nervous tissue is operative 
here, so that the kinetics areobscured. Some unpublished studies on the passage 
of “1 and “Na out of the subarachnoid space, after injection into the cisterna 
magna, support this view. “41 disappears from the c.s.f. about twice as rapidly 
as “Na, so that its passage into the nervous tissue may be some three times as 
rapid as that of %Na if allowance is made for the removal of both ions by 


drainage at the same rate into the venous sinuses. This could be the result of 
9 PHYSIO. CXXIX 
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a conversion of iodide into some other substance by the nervous tissue. Again, 
an inspection of the studies of Wallace & Brodie (1940) on iodide and thio- 
cyanate indicates an anomalous kinetic behaviour; thus, after a single injection 
of iodide, the ratio Co,./Cp, steadily rose, owing to the rise in iodide concentra- 
tion in the c.s.f. and the fall in the plasma concentration. At 24 hr the ratio 
was 0-14, but 5 hr later, although the concentration in the plasma had only 
dropped by about 5%, the ratio had fallen to about 0-02, due to a precipitate 


fall in the concentration of iodide in the c.s.f. 


So far as earlier quantitative studies on ions are concerned, the’ results 
described here for “Na agree with those of Wang (1948) on the dog, in that he 
found that this isotope penetrated into the aqueous humour more rapidly than 
into the c.s.f. The absolute rates, indicated by values of k;,, were very much 
higher (0-025 and 0-0073 min-" respectively), so that there is an obvious species 
difference in turn-over rates for this ion. Greenberg, Aird, Boelter, Campbell, 
Cohn & Murayama (1943) studied the penetration of ion isotopes into the c.s.f. 
of the dog; their experimental procedure involved a preliminary more or less 
complete emptying of the cerebrospinal system; the isotope was then injected 
intravenously as a single dose, and the concentrations in successive samples of 
the continuously dripping fluid were determined. According to these secuaia 
“K penetrates more rapidly than *Na. 

For both ¢.s.f. and aqueous humour the steady-state concentration of 
sodium is greater than that required by a Donnan distribution; the excess of 
sodium is always greater in the c.s.f. and, in the rabbit, is more than balanced 
electrostatically by an excess of chloride; in the aqueous humour, by contrast, 
the state of affairs regarding the excess of chloride varies from species to 
species. The feature of the ionic distribution that seems to be shared by both 
fluids in all species examined, therefore, is the excess of sodium, and it is 
tempting to conclude that the primary process in the formation of both fluids 
is an active transport of this ion from the plasma to the ventricle or posterior 
chamber. The transfer of water and the remaining constituents would then 
follow in accordance with the requirements of osmotic and diffusion equilibria ; 
the constant drainage of the fluid away from the site of its formation would 
prevent the establishment of true equilibria in many cases, and the steady-state 
distributions actually achieved would be determined, in the first place, by the 
permeability characteristics of the lining membranes of the cavities. Thus, if 
diffusion of potassium were relatively slow in the cerebrospinal system, we 
might explain the low steady-state ratio on these grounds. In certain cases, of 
course, specific secretory activity may well operate (in addition to that taking 
place with sodium) as, for example, with ascorbic acid, the magnesium ion 
(McCance & Watchorn, 1931), and the chloride ion. 


In conclusion, the bearing of the results described here on an earlier study may be briefly 
indicated. It was shown (Davson & Matchett, 1953) that the steady-state distribution ratio to 
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which thiourea approached, after long periods of intravenous infusion, was 0-96); this work was 
carried out on young animals. In the large adult animal the rate of equilibration is less and conse- 


_ quently the smaller ratio found here, namely 0-85, is not surprising. In the earlier paper this 


steady-state ratio was taken as a true one, appropriate to infinite time, whereas the studies of the 
lens described here make it most probable that the true ratio, for both young and old animals, is 
indeed unity, Thus, from the observed rate of uptake by the lens in large animals, and on the 
assumption that all the material entering the lens comes directly from the aqueous humour, it is 
possible to predict a temporary steady-state ratio of about 0-85. If the true steady-state ratio for 
thiourea is indeed unity, then the arguments developed in the earlier paper are enforced. The 
demonstration, moreover, that thiourea penetrates into the lens at a rate independent of the 


pupillary area shows that the uptake occurs in the posterior chamber—in other words that 


non-electrolytes are certainly not excluded from the primary secretion from the ciliary body. 


SUMMARY | 


1. The distributions of sodium, potassium, chloride, bromide, iodide, glucose 
and ascorbic acid between blood plasma and aqueous humour, on the one hand, 
and between plasma and cerebrospinal fluid (c.s.f.) on the other, have been 
determined in rabbits. Similar distributions for sodium and chloride have been 
determined in the horse, dog, cat and guinea-pig. The electrical conductivity 
and depression of freezing-point of aqueous humour and c.s.f. have also been 
compared, 

2. The course of penetration of a number of non-electrolytes and ions into 
the aqueous humour and c.s.f. of the rabbit has been studied. The results have 
revealed an essential similarity between the blood-aqueous and blood-c.s.f. 


barriers, such differences as are observed being explicable on the assumption | 


that the percentage rate of renewal of the aqueous humour is more rapid than 
that of the c.s.f., but that a direct diffusion from the blood vessels of the 
subarachnoid space and nervous tissue into the c.s.f. is a more significant factor 
than direct diffusion from the vessels of the iris into the anterior chamber of 
the eye. 

3. With a number of substances the blood-c.s.f. and blood-brain barriers 
were studied simultaneously. “Na distributes itself between plasma and c.s.f. 


at about the same rate as between plasma and the extracellular fluid of the 


brain; with all the other substances studied, namely creatinine, thiourea and its 


_ alkyl-substituted derivatives, and ethyl alcohol, distribution between plasma 


and brain extracellular fluid is the more rapid process. 

4. The kinetics of the process of penetration of various substances into the 
aqueous humour and c.s.f. have been briefly analysed; this has required a know- 
ledge of the kinetics of uptake of material by the lens and vitreous body, and it 
has been shown that some apparent anomalies in the kinetics, as the steady- 
state distribution between plasma and aqueous humour is approached, may be 
accounted for by uptake by these intra-ocular bodies from the aqueous humour. 
The kinetics of penetration of bromide into the c.s.f. exhibit an anomaly 


which may be due to a detoxication mechanism in the nervous tissue; it is 
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probable that a similar mechanism with to and 
thiocyanate. 

5. The blood-aqueous barrier to p-amino-hippurate becomes steadily more 
efficient as the animal increases in age from 6 weeks to 5 months; the blood- 
c.8.f. barrier to this substance has acquired its adult characteristics at 6 weeks, 


if not before. 


6. The steady-state distribution ratios are discussed in the light of the 
kinetic studies; it is suggested that, in both ocular and cerebrospinal systems, 
the primary process in the formation of the fluids is an active transport of 
sodium from plasma into the posterior chamber or ventricle. — 


It is a pleasure to acknowledge the assistance of my instrument maker, Mr C. E. Purvis, and of 
Miss Sally A. Bradford throughout this work. 
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THE RESPIRATORY FUNCTION OF THE 
“LARYNGEAL MUSCLES 


By J. H. GREEN anv E. NEIL 
From the Department of Physiology, Middlesex Hospital Medical School, 
London, W.1 


(Received 15 December 1954) 


During a routine examination of impulse activity in efferent vagal fibres, it was 
noticed that many fibres showed a discharge coincident with inspiration. 
These fibres were traced to the recurrent laryngeal nerve. An investigation 
was made of impulse activity in fibre preparations of this nerve. In addition, 
electromyographic records were made of activity in the intrinsic muscles of the 
larynx. A summary of these findings was presented to the Physiological 
Society by Green & Neil in 1954. 


METHODS 


Cats were anaesthetized with chloralose (50 mg/kg body weight) and urethane (250 mg/kg body 
weight) given intraperitoneally. The neck was opened in the mid-line. The recurrent laryngeal 
nerves were dissected from the sides of the trachea up to their point of entrance into the crico- 
thyroid membrane. The trachea was then cannulated using a T-shaped cannula. In some cases — 
a short length of trachea was cut away and the top of the T-cannula was tied into the cut ends 
thus restoring continuity of air way through the larynx and trachea. In others the trachea was 
merely opened and the cannula tied in; in such cases the animal no longer breathed through the 
larynx, The stem of the T-tube was connected to an inductance manometer (Campbell & Green, 
1953) or a Hansen condenser manometer, thus allowing changes of intratracheal pressure to be 
recorded. The manometer was coupled with a cathode-ray oscillograph. 

Impulse activity in the recurrent laryngeal nerve was studied by sectioning the nerve near the 
cricothyroid membrane. The central end was dissected to obtain a slip containing one active 
single fibre. The nerve slip was laid on saline wick electrodes which were connected to a resistance 
capacity-coupled amplifier and thence to a cathode-ray oscillograph. Recording was photographic, 


sometimes using the multi-recording unit described by Green (1953); on other occasions a double- 


beam Cossor oscillograph unit was employed. 

Electromyographic recording of the activity of the intrinsic muscles of the larynx was made by 
inserting concentric needle electrodes (Adrian & Bronk, 1929). Access to the larynx was obtained 
(1) by using a direct vision laryngoscope through which the needles were inserted, or (2) by 
performing a suprahyoid laryngotomy which allowed easy access to the muscles concerned. The 
muscles studied were crico-arytenoideus posterior, crico-arytenoideus lateralis and thyro-ary- 
tenoideus, The needle electrodes led via a resistance capacity-coupled amplifier to a cathode-ray 
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oscillograph, On some occasions recordings were made simultaneously of muscle action potentials — 


in the larynx and the external intercostal muscles or the diaphragm. In three experiments 
impulse activity in the nerve fibres of the recurrent laryngeal nerve and the phrenic nerve was 
recorded simultaneously. 

Inflation of the lungs was carried out in each experiment. To do this satisfactorily it was found 
essential to apply the inflating pressure directly to the cannula using the upper end of the top of 
the T-tube. Inflation was carried out by forcing 50-100 ml. of air from a syringe. 


RESULTS 


Most of the fibres in preparations of the recurrent laryngeal nerve showed 
activity during inspiration. Simultaneous recording of phrenic single nerve 
fibres and recurrent laryngeal single nerve fibres showed that activity in the 
laryngeal fibre preceded that in the phrenic by an interval of 0-1-0-2 sec 
(Fig. 1). | 


Fig. 1. Aand B show impulse activity in single fibres of the recurrent laryngeal and phrenic nerves 
at the beginning of two successive inspirations. In both A and B the upper trace is recorded 
from the recurrent laryngeal nerve, and the lower trace from the phrenic nerve. Time 25 c/s. 


It was invariably found that the ‘inspiratory’ discharge of single fibres of the 
recurrent laryngeal nerve was abolished by inflation of the lungs. Fig. 2 shows 
simultaneous recording of the electroneurograms of the left recurrent laryngeal 
nerve and a single fibre preparation of a pulmonary stretch receptor of the 
right vagus. Following two normal inspirations the lungs were inflated, which 
inhibited the discharge in the recurrent laryngeal fibre at the same time 
causing discharge of the pulmonary stretch receptor. In this case it must be 
remembered that the right vagus was cut in the neck prior to making the 
stretch receptor preparation. Hence reflex inhibition of the laryngeal nerve 
impulse activity could only be mediated by fibres in the left vagus. These 
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fibres are presumably pulmonary stretch receptors. Whereas this is difficult 
to prove absolutely it can easily be shown that the afferent pathway of the 
reflex inhibition of ‘inspiratory’ discharge in the recurrent laryngeal is indeed 
vagal by sectioning both vagi. A recurrent laryngeal preparation can then 
be made from the cut central end of the vagus. This shows characteristic 
inspiratory discharge which is, however, now unaffected by inflation of the 
lungs. 

Although the majority of dies isolated from the recurrent laryngeal nerve — 
showed impulse activity during inspiration, many were found which discharged 
impulses during expiration. Unlike the fibres which showed inspiratory acti- 
vity these ‘expiratory’ fibres showed increased discharge during artificial 
inflation of the lung. Fig. 3 shows an electroneurogram of a thin strand of the 
recurrent laryngeal nerve containing both types of fibre described above. 
Inflation of the lung abolishes discharge in the’ inspiratory’ fibre but increases 
discharge in the ‘expiratory’ fibre. 

Simultaneous recordings were made (Fig. 4) of impulse activity in @ fibre of 
the left recurrent laryngeal nerve and of the electromyogram of the right 
posterior crico-arytenoideug muscle. Activity in the two structures clearly 
occurred at the same time. In Fig. 4 the e.m.g. of the muscle shows activity 
which precedes that in the nerve fibre which would if intact have innervated 
the muscle of the opposite side. It must be remembered, however, that the left 
recurrent laryngeal nerve has an appreciably longer anatomical path than that 
on the right. Moreover, there is no guarantee that the threshold of activity 
of the nerve fibre obtained is identical with that of other fibres of similar type 
in the nerve trunk. Simultaneous recording of the electromyograms of the 
posterior crico-arytenoideus and the external intercostal muscles invariably 
showed that activity in the laryngeal muscle preceded that in the intercostal 
(Fig. 5). Similar résults were obtained when activity in the diaphragm was 
investigated. 

Simultaneous recording of the electromyograms of crico-arytenoideus pos- 
terior and crico-arytenoideus lateralis showed alternate activity in these mus- 
cles (Fig. 6) during quiet respiration. Discharge was invariably greater, 
however, in crico-arytenoideus posterior (which showed activity during the 
phase of inspiration) than in crico-arytenoideus lateralis. Rhythmic activity - 
in crico-arytenoideus posterior was abolished by artificial inflation of the lungs 
(Fig. 7A); activity in crico-arytenoideus lateralis was accentuated i inflation 
(Fig. 7B). 


> 
ud 
7 
¥ 
<M 
é 
q a 
4 
4 
a 
- 
4a « 
= 
+ 
4 
4 
4 
F 
oN 
¥ 
a 
x 


137 


RESPIRATORY FUNCTION OF LARYNGEAL MUSCLES 


oy} Jo yng soyids oy} JO soystjoge (smoise Bun)’ JO 
uoyepuy “‘uometdxe Suyanp zeodde yorya soyids pus uoyendsur peSreqostp st qorqa eyids 


: 


Imjy 4030138 yedea Areuournd Jo pue oinsseid ‘dys oasou 


» ‘ 
3 
x 
» 
x3 
aa 
4 
: 
3 
2 
Bary 
‘ 5) 
a 
& 
x 
+ et 
5 
ig 
q 
q 
4 
a4 
ba 
on 
; 
«eS 
‘te 
5 
x 
a! 


puw (proces ieddn) 30110480d sneproue, 418-0050 jo Jo “9 


seddn) ojosnur oy wt ouo ‘ofreqosp oy) Jo ‘> 


- 
A 
d 
ps) 
3 
ing 
3 
a 
= 
id 
x 
aS 
oe 
3 
; 
“ 
— 
‘ 
‘ 
Yeu 


RESPIRATORY FUNCTION OF LARYNGRAL MUSCLES 139 


Fig. 7. A: a and 6 were originally continuous, Electromyogram of crico-arytenoideus posterior 
during two successive inspirations followed by a period of inflation of the: lung (between 
arrows). Note that inflation of the lung abolishes activity in the muscle. B: a, b and ¢ were 
originally continuous, Electromyogram of crico-arytenoideus lateralis during two successive 
expirations followed by a period of inflation of the lung eeeaen arrows). Note that inflation 
of the lung accentuates activity in the muscle. 


DISCUSSION 


oss. lateralis and thyro-arytenoideus are intrinsic muscles of the 
larynx which cause adduction of the arytenoid cartilages thereby producing 
approximation of the thyro-arytenoid bands with consequent narrowing of the 
glottis. Crico-arytenoideus posterior, on the other hand, abducts the arytenoid 
cartilages and widens the glottis. It is well known that the thyro-arytenoid 
bands are abducted during inspiration and that the ensuing expiration is 
associated with adduction of these structures. Negus (1949) obtained graphic 
records of the contractions of these intrinsic muscles of the larynx in the cat. 
He showed that contraction of the crico-arytenoid muscles preceded that of 
the diaphragm. He also claimed that adduction of the thyro-arytenoid bands 
which occurred during expiration was accompanied by and was in part due to 
contraction of the adductor muscles. The present results confirm those of 
Negus in every respect. Electromyographic records of activity in the intrinsic 
muscles of the larynx show discharges in the abductor muscles occurring with 
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inspiration alternating with activity in the adductor muscles during expiration. 
Activity in the abductor muscles just precedes that occurring in the external 
intercostal muscles in inspiration. Electroneurograms of preparations of the 
recurrent laryngeal nerve show impulses which occur with inspiration. These 
impulses are reflexly inhibited by inflation of the lungs. In some fibres of the 
recurrent laryngeal nerve impulses appear during expiration. Such impulses 
are reflexly accentuated by inflation of the lungs, These results can be corre- 
lated with the findings that activity in the laryngeal abductor muscles is 
reflexly inhibited by inflation of the lungs, whereas activity in the adductor 
muscles is reflexly excited by such inflation. The afferent fibres of 
this reflex run in the vagi and most likely are from pulmonary stretch 
receptors. 

As the laryngeal muscles show a respiratory rhythm the motor neurones 
which innervate them are presumably influenced by the respiratory centres. 
The present results provide supporting evidence for the concept of an ‘expira- 
tory’ centre. During quiet breathing the laryngeal adductor muscles show 
rhythmic activity with each expiration. When the lungs are artificially inflated 
the laryngeal adductor muscles are reflexly excited despite an accompanying 
reflex inhibition of structures influenced by the inspiratory centre. 


SUMMARY 


1, The recurrent laryngeal nerve contains fibres which show an outburst of 
impulses during inspiration. The onset of activity in these fibres just precedes 
that in the motor neurones of the phrenic nerve. The inspiratory discharge of 
these fibres is reflexly inhibited by artificial inflation of the lungs. The afferent 
fibres of this reflex are vagal. 

2. The abductor muscles of the arytenoid cartilages of the larynx show 
activity (recorded electromyographically) during inspiration. Artificial infla- 
tion of the lungs reflexly abolishes such activity. 

3. The recurrent laryngeal nerve also contains fibres which show an impulse 
traffic during expiration. The expiratory discharge of these fibres is reflexly 
accentuated by artificial inflation of the lungs. 

4, The adductor muscles of the arytenoid cartilages of the larynx show 


activity during expiration. Artificial inflation of the lungs reflexly increases 
such activity. 


We are grateful to Mr V. E. Negus for much helpful advice. We wish to thank Prof. Samson 
Wright for his criticism and advice. The Hansen manometer used in these experiments was 
purchased on a grant to one of us (E.N.) from the University of London Central Research 
Fund. | 


“an 
4 
GZ 
va 
2 
3 
> 


eve 


RESPIRATORY FUNCTION OF LARYNGEAL MUSCLES 141 


REFERENCES 


ADRIAN, re f Bronk, D. W. (1929). The discharge of impulses in motor nerve fibres. J. Physiol. 
67, 11 

CamesetL, E. J. M. & Green, J. H. (1953). The variations in intra-abdominal pressure and the 
activity of the abdominal muscles during breathing. J. Physiol. 122, 282-290. 

GREEN, J. B (1953). Multichannel cathode-ray tube unit. for photographic recording. J. Physiol. 
119, 32P. 


Green, J. H. & Num, E, (1954). Intrinsic musculature of the larynx in the cat. J. Physiol. 123, 
13P. 


Neovs, V. E. (1949). Comparative Anatomy of the Larynx. London: Heinemann. 


4 


ts 
| 
{ 
4 


i 


‘ 
‘ 
8 
je 
| 
a 
$ 
2 


142 
J. Physiol. (1955) 129, 142-158 


THE CARBON DIOXIDE BALANCE-SHEETS OF THE BODY: 
THEIR DETERMINATION IN NORMAL SUBJECTS AND IN 
CASES OF CONGENITAL HEART DISEASE* 


By R. J. SHEPHARD 


From the Cardiac and Physiology Departments, Guy’s Hospital 
Medical School, London, 8.E. 1f 


(Received 3 January 1955) 


The hyperventilation induced by breathing a moderate percentage of carbon 
dioxide is not of rapid onset, and often a considerable time may elapse before 
respiration reaches a steady maximum level. During this interval, carbon di- 
oxide gradually accumulates in the body, and a steady state may be pictured 
where accretion of this gas produces sufficient increase of ventilation to restore 
the normal metabolic output of carbon dioxide. 

The time required to reach such a steady state is not known with certainty. 
Campbell, Douglas, Haldane & Hobson (1913) reported that even after 18 min 
some carbon dioxide was being dammed back within the body, for although 
carbon dioxide elimination was then equal to the resting output, there was an 
associated increase in metabolism which these authors put as high as 40-50%. 
Nielsen (1936) noted that whereas a steady state was reached fairly rapidly 
with low concentrations of carbon dioxide, with a 5-8% mixture ventilation 
continued to increase for 20-30 min, and with a 7-5% mixture at least 40 min 
elapsed before a steady level of ventilation was reached. On the other hand, 
Loeschcke (1949), commenting on a ‘hysteresis’ in the response of the respira- 
tory centre to experimental hypercapnia, claimed that this effect did not per- 
sist for more than 2 min, and concluded that loading and unloading of blood 
and tissue carbon dioxide was effected in a similar time. However, as Hesser 
(1949) pointed out, the saturation period for a given tissue varies with both 
the blood supply and the solubility coefficient of the tissue with respect to car- 
bon dioxide; areas such as the respiratory centre may reach equilibrium in a 
matter of minutes, but the time required to complete the exchange of carbon 
dioxide with less vascular parts of the body is probably much longer. 

* The work described in this paper has been submitted in part fulfilment of the requirements of 


& Ph.D. degree in the Faculty of Science, University of London. 
+ Present address: Institute of Aviation Medicine, Farnborough, Hants. 


— © © © ta 


N 
3 


EX 
% 
a 
ra 
ag 
Br 
& 
4 
on 
‘wa 
6 
a 


CARBON DIOXIDE BALANCE-SHEETS 143 


There seems only one previous attempt to measure the actual amount of 
carbon dioxide accretion during hypercapnia. The authors concerned—Adolph, 
Nance & Shiling (1929)—gave a 4-5°%, mixture of carbon dioxide to two normal 
subjects for 30 min; however, the estimated accretion varied widely between 
390 and 4900 ml., and it was admitted that individual estimates of retention 

might show errors of up to 100%. It was thus thought of some interest to 
construct accurate balance sheets showing the exact intake and output of 
carbon dioxide at different stages during the course of experimental hyper- 
capnia. From these balance sheets, the net accretion of carbon dioxide could 
be deduced, and the relationship between this accretioi and the level of 
hyperventilation could be examined. 

Initial experiments were carried out on nine normal subjects, but for com- 
parison additional observations were made on twenty-two cases of congenital 


heart disease, the latter group having in varying degree abnormalities of 
circulatory and respiratory function. 


Measurement of carbon dioxide accretion 


The total accretion of carbon dioxide during the period of hypercapnia was measured by the use of 
a number of Douglas bags. A cylinder gas mixture (5% carbon dioxide in air or oxygen) was passed 
at a steady rate through a reducing valve into a 200 |. bag serving as an inspiratory reservoir. On 
the expiratory side, gas was conducted along a short connecting tube (capacity about 100 ml.) to 
a three-way tap. From this tap, two hosepipes (each of about 270 ml. capacity) led to a pile of 
Douglas bags. The bags were connected in turn to the hosepipes, and then removed for sampling 
and measurement of total gas volume. 

To calculate the net accretion of carbon dioxide, it was necessary to draw up balance sheets 
showing the various factors affecting carbon dioxide income and output as set out below: 


CO, income CO, output 
(1) CO, uptake from inspiratory bag (4) CO, output in cn ory begs 
co, 5) ‘A t rete CO, caused 
(2) Resting CO, output (5) ee on et by 


(3) CO, 0, output due ae metabolic 


Net CO, accretion =(1 + 2 +3) -(4+5) 


(1) This was calculated quite simply from the cumulative expired gas volume (multiplied by 
the nitrogen ratio) and the carbon dioxide concentration of a gas sample collected from the in- 
spiratory bag at the end of each experiment and analysed by the standard Haldane gas-analysis 
apparatus, 

(2) This was determined by the conventional Douglas bag method immediately prior to the 
main balance-sheet experiments. 

(3) The metabolic cost of hyperventilation during the early phases of hypercapnia may be cal- 
culated from the formula (23 Bs + 1-20 xv) ml. step, where Bs is the body surface in square metres, 


and ev is the observed total extra-ventilation in litres at standard temperature pressure, dry, 


STPD (Shephard, 1954, 19555). 

(4) Each bag was sampled and the volume measured immediately after filling, observing the 
precautions outlined elsewhere (Shephard, 19552). 

(5) There are a number of factors that lead to an ‘apparent retention’ of carbon dioxide. These 
inchade diffusion from the Douglas bags, changes in the carbon dioxide content of the dead-space 
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of the apparatus, and changes in the functional residual capacity of the lungs (Shephard, 1954). 
The amount involved may be as much as 60 ml., and it is essential to calculate these losses care- 
fully in each experiment. 

Alveolar and arterial samples 

Alveolar samples were collected whilst the subjects were wearing a B.L.B. nasal mask. Gas was 
supplied at a rate of 9-10 1./min. The flow was interrupted at the peak of a normal inspiration, and 
an alveolar sample was collected immediately by the Haldane-Priestley technique (which empha- 
sizes speed of delivery). 

Arterial samples were collected anaerobically in syringes lubricated with silicone fluid and 
containing a trace of heparin. The pH was measured at room temperature by means of a Stadie 
cell (Stadie, O’Brien & Laug, 1930), and the pH at body temperature was calculated by the co- 
efficients of Rosenthal (1948). The whole blood carbon dioxide content was measured by the 
Van Slyke manometric apparatus, and the corresponding carbon dioxide tension was estimated by 
means of nomograms (Van Slyke & Sendroy, 1928; Van Slyke, Wu & McLean, 1923). 


Subjects and experimental conditions 
The normal subjects were healthy adults—medical staff and technicians—all of whom had 
some experience in the use of respiratory apparatus. Details of these subjects are shown in the 
Appendix, Table 1. 
The congenital heart patients were selected on the basis of the degree of co-operation shown 
during the initial diagnostic investigations. Jn most cases it was possible to carry out two com- 


plete tests, one during the morning and the other during the afternoon session. Details of age, sex, | 


and diagnosis are given in the Appendix, Table 2. 

Measurements were made after a preliminary period of 15 min rest in the sitting position, No 
experiment was commenced sooner than 1 hr after a meal. Observations on normal subjects 
showed that conditions obtained in this way were approximately 12% above the true basal level. 


RESULTS 
Observations on normal subjects 
Two subjects (R.J.S. and 8.8.) were studied in detail, and more limited observa- 
tions were made on the remaining seven normal cases. 

Accretion of carbon dioxide, In order to allow a comparison between the dif- 
ferent subjects, the total accretion of carbon dioxide has been expressed as the 
ratio to the resting output of this gas over a period of 1 min. The path of 
accretion has been defined within fairly close limits in the two principal sub- 
jects (Fig. 1), and it can be seen that a maximum value has not been reached 
even at the end of 30 min. 

There are significant differences both in the average rate of accretion for the 
two subjects and also in the day to day rate of accretion in the same subject. 
These differences are most marked in R.J.8., successive experiments showing 
a greater and more steady accretion of carbon dioxide. Observations on the 
remaining seven normal subjects give further evidence of wide individual dif- 
ferences in the pattern of accretion, the ratio at the end of 30 min ranging 
from 4-0 in B.M. to 13-1 in J.B. Comparison of the ventilatory equivalent and 
the alveolar carbon dioxide concentration for different members of the group 
suggests that there may have been some differences in the efficiency of respira- 
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tion and in the carbon dioxide combining power of the blood, but the main 
cause of the variation in response seems a difference in approach to the 
experiments. Four subjects who illustrate this point are discussed below. 
Subject R.J.8. viewed the experiments with personal interest. There was a tendency to analyse 
symptoms, and during the earlier observations a measure of anxiety lest the technician should fail 
to carry out the necessary manipulations correctly. These factors probably contributed largely to 


the rather variable response in early experiments with this subject, and the changing pattern of 
response as the subject became familiar with the experiment. 
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Subject 8.8. approached the experiments with indifference and at times even boredom. For her, 
the periods of carbon dioxide inhalation were part of the daily routine as a wage-earner, and her 
thoughts were usually far from the physiology of breathing whilst acting as subject. This is in 
keeping with the larger and more steady accretion of carbon dioxide observed in her case. 

Subject J.E. was an experienced respiratory subject who was not closely involved in the research 
project, and it is probable that he achieved a satisfactory degree of objectivity in his approach to 
the experiments. In his case there was a large and steady accretion of carbon dioxide. 

Subject P.S, was the least experienced of the normal subjects, and being a Polish refugee with a 
rather poor command of the English language may have approached the experiments with some 
anxiety. In most experiments he showed a rather small accretion of carbon dioxide. 


The experiments with an air/carbon dioxide mixture show an accretion of 
carbon dioxide similar to the oxygen/carbon dioxide experiments (Fig. 1), and 
it was therefore considered satisfactory to use the cheaper oxygen/carbon 
dioxide mixture in subsequent observations on clinical material. 

Although it is not possible to attain a limiting accretion of carbon dioxide 


within a reasonable sina of time, the rate of accretion is fairly steady after 
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the first few minutes. It thus appears that equilibrium has been reached 
between the arterial blood and the tissues of the respiratory centre even though 
the level of hyperventilation is not yet sufficient to prevent further accretion 
of carbon dioxide, and the ratio of increase of ventilation to accretion of carbon 
dioxide at this stage should give an indication of the sensitivity to carbon 
dioxide mixtures. 

Changes in ventilation. Before attempting to correlate the level of extra: 
ventilation with carbon dioxide accretion, it is appropriate to consider briefly 
the pattern of hyperventilation, with particular reference to the problem of 
habituation. 

The change in response with repetition of the experiment is of considerable 
importance, for with the clinical material it is necessary to draw conclusions 
from observations limited to 1 or at most 2 days. The changes have been 
analysed in 8.8. and R.J.8. by plotting the ventilatory minute volume ratio 
for a given period of hyperventilation against the date on which the experi- 
ment was carried out. In subject R.J.S., regressions calculated in this way are 
highly significant for the first 4 min of hyperventilation, but in subject 8.5. the 
regressions are barely significant except at 8 min (Fig. 2). These differences can 
probably be correlated with the differences in personality and approach to the 
experiments previously noted. 

A number of the early experiments with R. J. S. showed a peak of respiration 
at 4-6 min, as deseribed by Campbell e¢ al. (1913). However, with successive 
experiments, this feature became less obvious, and ventilation tended to 
increase smoothly towards a maximum. The early peak is probably a further 
manifestation of voluntary over-ventilation, and as the subject becomes more 
accustomed to the experiment, this feature may be expected to disappear. 
From the practical point of view, it would seem that voluntary over-ventila- 
tion exerts its maximal effect in the first few minutes, and if this period is 
discounted, there is little difference between the first and mabereenns experi- 
ments. 

The average pattern of hyperventilation has been compared in the different 
subjects by expressing the ventilatory minute volume as a ratio to the resting 
value. The minute volume increases rapidly for the first 4 min and then con- 
tinues to climb slowly, so that in some subjects a maximum value has not been 
reached even at 30 min (Fig. 3). The differences between the ventilatory ratios 
in different subjects are rather large to explain in terms of a chance variation 
and support the existence of genuine individual differences in the response to 
carbon dioxide. 

Extra-ventilation/aceretion ratio. Different subjects been compared in 
terms of the simple ratio of response (extra-ventilation Ev) to stimulus 
(aceretion A). Typical curves for a period of experimental hypercapnia (5% 
CO,) are illustrated in Fig. 4. For the 1st min the rv/a ratio is low, since there 
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is a relatively large accretion of carbon dioxide in the lungs and arterial blood, 
with little change in the respiratory minute volume. As the carbon dioxide 
reaches the respiratory centre, there is a rapid increase of ventilation, and the 
rate of accretion falls. This is shown by an abrupt rise of the Ev/a ratio during 


3 


: 


Habituation effect (indicated by slope of iiptlinets ratio/date regression) 
Mean + sc. 


2 4 6 8 
Duration of hyperventilation (min) 


Fig. 2. Effect of habituation on hyperventilation produced by breathing 5% carbon dioxide for 


varying periods of time. Two normal subjects. At each time interval, a linear regression line 
relating ventilatory minute volume to the date of the experiment has been fitted by the 
method of least squares. The slope of these regressions is here taken as an index of habituation, 
and is plotted against the period of hyperventilation. 


the 2nd min. The rate of increase in ventilation declines as soon as equilibrium 
is established between the arterial blood and the tissues of the respiratory 
centre, but the accretion of carbon dioxide continues steadily as this gas is 
distributed amongst other tissues with a poorer circulation. This phase is 


associated with a rapid fall in the zv/a ratio. From 8 min onward, the fall 
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2:00 
Subject S.S. (meant 
Subject RJ.S. (meant sc) 
0 4 8 12 16 20 24 28 
Time (min) 
Fig. 3. Hyperventilation produced by 5% mixture of carbon dioxide in oxygen. 
Two normal subjects. 
30 
Fe 
Subject S.S. 
(meant 
Subject R.J.S. 
(mean ts.) 
45 
Time (min) 
Fig. 4. Extra-ventilation/accretion ratios for two normal subjects Sib vg mixtures of 5% 


carbon dioxide in oxygen. The standard deviation of a single estimation of the Ev/A ratio is 


given for each subject in the upper graph. 
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becomes more gradual, and it may be assumed that the ev/a ratio approaches 


a limiting value as equilibrium with the remaining tissues is achieved. After 


30 min hyperventilation, the ratio has reached a fairly constant value in most 
subjects, although even at this stage the level of extra-ventilation is still not 
sufficient to prevent further accretion of carbon dioxide. 

Changes in the Ev/a ratio with repetition of the experiment are much as 
would be expected from the changes in ventilation previously described. 


In R.J.8. there is a rather large habituation effect for the first 4 min of succes- 


sive periods of hypercapnia, but there is no consistent change at the longer 
time intervals. This is reflected in a much smaller standard deviation of the 
Ev/a ratio for longer periods of hyperventilation, an optimum standard devia- 
tion being observed at 12-20 min. Even in this range, the error of single ob- 
servations is considerable, and although observations on the remaining seven 
normal individuals help in establishing the range within which normal values 
may be expected to fall, it is not possible to comment on the small differences 
that were observed between these individuals. It is also obvious that little 


_ information can be gained from isolated observations on clinical cases, and to 
obtain satisfactory evidence of possible deviations of the Ev/A ratio it is neces- 


sary to compound observations drawn from a group of similar cases. 


Observations on cases of congenital heart disease | 


Having considered the pattern of carbon dioxide accretion in normal in- | 


dividuals, it is possible to examine the path of accretion in cases of congenital 
heart disease. From investigations of resting respiration in such patients 
(Shephard, 1955d), it did not seem likely that any gross alteration in sensitivity 
of the respiratory centre would be discovered. However, so far as is known, 
the response of congenital heart cases to carbon dioxide has never been investi- 


gated previously, and it was thought that cases of this type would provide a — 


convenient test of the possibility of applying the balance-sheet principle to 
clinical subjects. 
Accretion of carbon dioxide. The course of accretion is very similar in all four 


categories of congenital heart disease (Fig. 5), although the actual amount of © 


this accretion seems rather greater than the average for normal subjects. This 
is rather surprising, particularly in view of a tendency to a diminished alkali 
reserve in these cases (Shephard, 1955d); the explanation seems a slower 
development of hyperventilation, and the reasons for this are discussed 
below. 

Pattern of hyperventilation. Hyperventilation tends to develop less rapidly 
than normal in all forms of congenital heart disease (Fig. 6), although in 
patients with central cyanosis the difference is not very great. Davison, Armi- 
tage & Arnott (1953) have reported a similar slow development of hyperventi- 
lation on exercising patients with central cyanosis; they attribute this to a 


> 
| 
| 
| 
Sind 
a 
bea | 
| 
| 
‘ 
bai 
J 


150 R. J. SHEPHARD 


depression of the respiratory centre produced by an increase of the venous- 
arterial shunt. However, this mechanism cannot operate in acyanotic and 
peripheral cyanotic patients, and in the present series the slow response 
to carbon dioxide is less marked in the central cyanotic group. One factor 
is that the clinical subjects did not know the odour of carbon dioxide, so 
that emotional disturbances introduced by this gas.may have been less than 
in the normal subjects until the patient noticed that he was hyperventilating. 


oa 


T 


-—O-— Peripheral cyanosis 

increased R.V. pressure 
| Increased flow 


Carbon dioxide accretion ratio (accretion/resting output) 
T 


(meant s.e.) 
3 6 9 12 15 
Time (min) 


Fig. 5. The course of carbon dioxide accretion during hypercapnia (5% CO, in 0,) in four 


different types of congenital heart disease. The number of cases in each group is shown in 
the Appendix (Table 2). 


It is also possible that the mechanical problems of hyperventilation may be 
somewhat different in a patient who already shows some hyperventilation at 
Comparing the different categories of congenital heart disease, it is interesting 
to note a relatively greater minute volume in the early part of the central 
cyanotic curve, and it may be tentatively suggested that this is due to some 
diminution of alkaline reserve in this group. In the later stages of the hyper- 
ventilatory response, the patients with an increased pulmonary flow tend to 
show a greater minute volume than normal, and here an explanation can be 
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offered on mechanical lines, The pattern of respiration is shallow in this group 
on account of the increased viscous resistance of the lungs (Shephard, 1955d), 


and a larger total ventilation may therefore be necessary to achieve an elimina- 


tion of carbon dioxide equal to that found in other forms of congenital heart 
disease. 


3-0 


--O-- Peripheral cyanosis 
Central cyanosis 
Om Increased R.V. pressure 
—O— Increased flow 


Seven normal subjects 
(meant se) 
WE Limits for two normal 
10 subjects | 
6 8 10 12 14 


| Time (min) 

Fig. 6. The hyperventilation produced by 5% carbon dioxide in oxygen in four different types of 
congenital heart disease. The number of subjects in each group is shown in the Appen 
Table 2. | 


Extra-ventilation/accretion ratio. Comparing the different forms of congenital 
heart disease (Fig. 7), it will be noted that in the central cyanotic group the 
Ev/a ratio appears to decline more slowly. However, this may represent merely 
a chance variation of response. It cannot be attributed to a difference in 


sensitivity of the respiratory centre, since the Ev/A ratio is later very similar | 


to that observed in other forms of congenital heart disease. For the same reason, 
it is difficult to explain in terms of an altered alkaline reserve, unless other 
factors such as a poor physique or central depression can be invoked to 
explain the secondary diminution of ventilation. : 

In the later stages of the experiments, where the subjects are nearer a steady 
state, it can be seen that the relationship between stimulus and response is 
close to normal. Since there is no more than a slight reduction of alkaline 
reserve in most cases, it would appear that the sensitivity of the respiratory 
centre is within normal limits. Davisonet al. (1953) reached similar conclusions 
by application of the chemical ventilation equation (Gray, 1946) to their data 
for resting respiration. 
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\ --~¢-- Perl heral cyanosis 
0r e {mean 


/accretion ratio (mi. stpo/min/ml. CO2) 


> 


e 
u 
j i i 4 
0 2 4 6 8 10 12 14 
Time (min) 
Fig. 7. The extra-vgntilation/accreti ratio during breathing of 5% mixture of carbon dioxide 


in oxygen. Four different types of congenital heart disease. Number of cases in each group 
shown in the Appendix, Table 2. 


Distribution of retained carbon diowide i 

It is finally of some interest to consider the distribution of accumulated 
carbon dioxide, and in particular to examine the relative importance of the 
different systems that intervene to shield the respiratory centre from the direct 
impact of this gross stimulus. 

The pulmonary gas volume. The first system intervening between the in- 
spired air and the respiratory centre is the pulmonary gas volume. To follow 
changes in this system, it is necessary to examine the functional residual 
volume and the carbon dioxide concentration of alveolar gas. 

The functional residual volume changes but little during the breathing of 
moderate concentrations of carbon dioxide (Shephard, 19555), and resting 
values of sufficient accuracy for the present purpose were obtained by the 
simple dilution method of Peters & Van Slyke (1932). Changes in carbon di- 
oxide concentration were followed by the collection of alveolar samples after 
periods of carbon dioxide inhalation ranging from } to 5 min. Individual 
readings were recorded as deviations from a previously determined resting 
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value, and these results have been plotted as deviations from the average 
resting value for a given subject (Fig. 8). 

There is a slight difference between the response to air/carbon dioxide and 
oxygen/carbon dioxide mixtures, particularly in subject R.J.8. These changes 
are in keeping with the expected effect of oxygen on respiration, but the 
number of observations is rather small to permit further comment on this 
point. With both types of gas mixture, there is a considerable increase of 


58+ 
4 
| 
3 50 Mean resting + 


Time (min) 


Fig. 8. Changes n the carbon dioxide content of alveolar gas during the breathing of 5% 
mixtures of carbon dioxide. Two normal subjects, 


carbon dioxide concentration in the first minute, amounting on average to 
about 1%. This peak tends to restore the partial pressure gradient from alveoli 
to inspired air, allowing some loss of carbon dioxide by diffusion, and it also 
produces a rise in the carbon dioxide tension of pulmonary venous blood. The 
latter initiates an increase of pulmonary ventilation, so that in the steady state 
an adequate elimination of carbon dioxide can be achieved with a smaller 
partial pressure gradient from alveolar gas to inspired air. Thus the alveolar 
carbon dioxide concentration declines steadily, and at the end of 5 min is no 
more than 0-4% above the resting level. 

There are corresponding variations in the accretion of carbon dioxide in the 
pulmonary gas volume. If V is the average functional residual volume in 
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litres, the peak accumulation of carbon dioxide during the first minute 
amounts to 0-01 V 1, and the steady value is 0-004 V 1. or less. In a normal 


adult, with a functional residual volume of 3.1., this implies an initial retention _ 


of some 30 ml. of carbon dioxide, the amount declining rapidly to about 12 ml. 

The lung tissues. Dubois, Fenn & Britt (1953) have drawn attention to the 
considerable capacity of washed lung tissues for carbon dioxide. These tissues 
attain almost spontaneous equilibrium with alveolar gas, and form the next 
system protecting the body — a sudden rise of inspired carbon dioxide 
tension. 

From the figures of Dubois et al., it would seem that in a person of average 
build, the lung tissues absorb about 20 ml. of carbon dioxide for each 1% 
change in alveolar carbon dioxide concentration. Thus the amount involved 
under the present experimental conditions is initially of the order of 20 ml., 
but declines to around 8 ml. as a steady alveolar carbon dioxide concentration 
is reached. 

The blood. It is generally assumed that the carbon dioxide tension in the 
blood leaving the lungs corresponds closely with the tension observed in 
alveolar gas. This has been confirmed at cardiac catheterization in a number of 
patients by a direct measurement of changes in the composition of pulmonary 
venous blood during the first minute of experimental hypercapnia. Each 
patient showed a rapid rise of carbon dioxide tension of similar magnitude to 
that previously noted in alveolar gas. There was an associated small but con- 
sistent fall in pH (0-04—0-06 units), and an increase of carbon dioxide content 


(2-2-2-3 ml./100 ml. serum). The buffering capacity of the blood in these — 


patients was close to normal, and it therefore seems reasonable to apply these 
findings to the balance-sheet experiments as a whole. On this basis, a person 
with a blood volume of 51. would show an initial retention of 110-115 ml. of 
carbon dioxide in the blood, and assuming that the pulmonary venous tension 
continues to mirror the alveolar tension, this retention would decrease fairly 
rapidly to about 45.ml. 

The body tissues. The systems described above account for a carbon dioxide 
retention of 160 ml., declining rapidly to 60-70 ml., and it is obvious that after 
the first minute the major proportion of the retained carbon dioxide is dis- 
tributed amongst the remaining body tissues, Adolph et al. (1929) estimated 
that the tissues as a whole had a carbon dioxide capacity 6 to 25 times that of 
_ the blood, and the present figures are towards the upper limit of their estimate. 
The volume of the remaining tissue fluids is approximately 10 times the volume 
of the blood, so that the present data would suggest that the tissues have a 
rather greater capacity for carbon dioxide than has the blood. 

The time required to complete saturation of these tissue buffers is relatively 
long. The degree of equilibrium that has been achieved at any given time de- 
pends partly on the general circulation rate, and partly on the relative 
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efficiency of the circulation to different parts of the body. Of the different 


_ forms of congenital heart disease that have been studied, severe pulmonary 


stenosis (peripheral cyanotic group)- would seem the most likely to show 
abnormalities of the circulation. However, even in this condition there is no 
evidence of @ decrease in the general circulation rate (Swan & Wood, 1953), 
although it is possible that an increased proportion of the systemic flow is 
directed to the head (Shephard, 1955e). It is clear from Fig. 7 that in the cases 
studied, changes of circulation rate were not sufficient to influence the 
equilibrium time. 
DISCUSSION 

The original objective of the balance-sheet experiments was to reach a steady 
state where the increase of ventilation caused by accretion of carbon dioxide 
within the body - was sufficient to restore the normal carbon dioxide output. 
However, it is clear that this position is not reached even after a 30 min 
period of hypercapnia. It might be thought that secondary changes of acid/ 
base balance would limit further extension of the experiment, but in fact there 
is no secondary decrease of ventilation during the first 18 hr of exposure to 
carbon dioxide (Nielsen, 1936; Schafer, 1949). A more important practical 
difficulty. is the period of hy perventitatie that relatively inexperienced 
clinical subjects will tolerate. Some of the patients, particularly the younger 
children, were very tolerant, but others needed reassurance in the latter part 
of the gxpériment, and 15 min probably represents the upper limit of time for 
which the co-operation of the average subject may be retained. 

If patients are followed for this period of time, most achieve a fuirly stable 
extra-ventilation/accretion ratio. This ratio varies in any one subject from 
time to time, and there are also considerable differences between the average 
response of different normal subjects. This to use the ratio to examine respira- 
tory function in congenital heart disease, it is necessary to compound observa- 
tions on a group of similar cases. On this basis, it has been possible to show 
that in each of four types of congenital heart disease the ratio is within normal 
limits, implying, in the absence of a significant change in alkaline reserve, that 
the sensitivity of the respiratory centre is normal i in these forms of congenital 
heart disease. 

Until a limiting accretion of carbon dioxide has been reached, the relation- 
ship between pH and accretion lacks precision. However, it is of some interest 
to caleulate an approximate value for the pH change at the stage where a 
steady Ev/A ratio has been reached. At’the end of 30 min, the average accre- 
tion of carbon dioxide is around 1500 ml., and all but 12 ml. of this gas is 
distributed. through some 501. of body fluid, so that the change in carbon 
dioxide concentration should be of the order of 2-4 m-equiv/l. Assuming, 
further, that the buffering properties of the tissues correspond with those of 
blood, this should produce a rise in carbon oe tension of some 5-10 mm 
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Hg, and a fall in pH of 0-02-0-04 units. Direct potentiometric estimates of the 
change in pH show an immediate fall of 0-04—0-05 units, but there is reason to 
believe that the final change of pH is nearer 0-02 units. An indirect estimate 
of the pH change may also be obtained from the increase of ventilation. In 
most experiments, this amounted to about 200%, which according to the 
figures of Campbell e¢ al. (1913) would correspond with a change in pH of 
0-024 unit. Thus pH values calculated by the balance-sheet method are of the 
same order as those obtained by other techniques. 


SUMMARY 

1, A method for the determination of total carbon dioxide accretion during 
the course of experimental hypercapnia is described. This depends on the 
accurate assessment of carbon dioxide income and output by means of a series 
of Douglas bags. 

2. At the end of a 30 min period of breathing 5% carbon dioxide, normal 
subjects show a total carbon dioxide retention of 1000-2000 ml. At this stage, 
the ratio of extra-ventilation to carbon dioxide accretion has reached a steady 
value in most subjects, although a maximum of carbon dioxide accretion has 
not yet been achieved. 

3. The course of carbon dioxide accretion varies considerably in some sub- 
jects. This effect is probably due to the influence of higher centres; it is most 
marked during the first few minutes of each experiment, and tends to dis- 
appear with training. 

4. The pattern of carbon dioxide accretion is similar in each of four types of 

congenital heart disease, and the steady ratio of extra-ventilation to carbon 
dioxide accretion is within normal limits, suggesting that these patients have a 
normal sensitivity to carbon dioxide. 

5. Small amounts of retained carbon dioxide are to be found in the pul- 
monary gas volume, the lung tissues, and the blood, but the major proportion 
is distributed to the remaining tissues. 

6. The change of pH may be calculated from the amount of carbon dioxide 
_ Tetained in the body. This value agrees satisfactorily with direct potentiometric 

measurements, and indirect estimates based on the observed change of 
ventilation. 


My thanks are due to Mise Scott for technical asistance, and to the Department of Medic 
Titustra tion for their preparation of the figures. | 
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APPENDIX 
Tas_E 1. Details of normal subjects taking part in balance-sheet tests 


Bod 
Weight 
Subject  (yr.) Sex (ft.in.) (Ib.) (m*) 
RS. 2 M 6 0 157 1-91 
8.8. 19 =F 5 3 136 1-63 
J.E, 2 154 1-87 
PS. 142 1-80 
J.B. 128 1-67 
H.P. 116 1-48 
P.F. 23 5 4 146 1-71 
B.M. 50 10 175 1-98 
F.M. 173 1-90 
Obs. Age 0 
No. Session Sex (yr) Diagnosis No. 
Peripheral cyanotic group 
am. 21 Pulmonary stenosis 11 
‘4 p.m. 12 
Increased right ventricular pressure group 
7 a.m. F. 21 Pulmonary stenosis 5) 
8 p-m. 93 
14 am. 10 Pulmonary stenosis 
15 p.m. 
16 am. M. 18 Pulmonary stenosis 
17 p.m. 
18 a.m. M. 8 Pulmonary stenosis 
19 p.m. 
24 F. 9 Fallot’s tetralogy 1 
25 pm. after valvotomy 2 
26 am. M. 19 Pulmonary stenosis 5 
28 a.m. Pulmonary stenosis 9 
29 p-m. 10 
30 a.m, F. 19 Pulmonary stenosis 38 
35 a.m. M. 10 Aortic stenosis 39 
36 40 
37 am. ™M. 8 ? Normal heart 4} 
REFERENCES 


Resting Ventilatory 
ventilation Alveolar equivalent 
(l./m*/min) (CO, %) (1./100 ml. 0,) 


4-31 6-08 2:74 
3-82 4-81 2-53 
4-88 5-54 2-73 
3-74 2-78 
3°01 6-85 1-81 
4-23 4-91 2-63 
3°88 5-16 2-29 
4:55 5-66 3-14 
5-23 5-79 2-76 


am. FF. 12 Atrial septal defect 
p-m. +? 
am. F. 11 Fallot’s tetralogy 
am. 48 Fallot’s tetralogy 
p.m. 
pm F 9 Cyanosis, ? cause 
am  F 9 Fallot’s tetralogy 
p.m. 
am. F. 25 Atrial septal defect 
p-m. + 

Increased pulmonary flow group 
am. F. 44 Atrial septal defect 
p,m. 
am. M. 14 Ventricular septal 
p-m. defect 
am. 22 Ventricular septal 
p-m. defect 
a.m. F. 45 Patent ductus 
p-m. arteriosus 
a.m. M, 8 ? Patent ductus 
p-m. arteriosus 


E. F., Nanoz, F. D, & Sumo, M. S. (1929). The dioxide capacity of the human 


body and the progressive effects of carbon dioxide upon 
532-541. 


breathing. Amer. J. Physiol. 81, 


Campana, J, M. H,, Dovaras, G., Hatpawe, J. 8. & Hopson, F. G. (1913f¢ The response of the 
sr centre to carbonic acid, oxygen, and hydrogen ion concentration. J. hysiol. 46, 


301-318, 


Davison, P. H., Anmrracz, G. H. & Arnott, W. M. (1953). The mechanisms of adaptation to a 
central venous-arterial shunt. Brit. Heart J. 15, 221-240. 
Dvsors, A. B., Fern, W. O. & Barrrr, A. G. (1953). CO, dissociation curve of lung tissue. J. appl. 


Physiol. 5, 13-16. 


n 
4 
of 
| 
taking part in balance-sheet tests a 
8 
Age 
Session Sex (yr) Diagnosis 
Central cyanotic group 4 
e, 
18 
of 
n 
& 
i. 
C 
of 


158 R. J. SHEPHARD | 
Gray, J. cee The multiple factor theory of the control of respiratory ventilation. Science, 
1 


Hesszr, ©. M. (1949). Central and chemoreflex co ———* respiratory activity during acid- 
base displacements in blood. Acta physiol, 18, sani, Mh. 64, 1-69. 

Lozscuoxk, H. H. (1949). Uber Reiz und etregbarkeit der zentralen Atmungsregulation. Klin. 
Wechr. 27, 761-766. 

Nrevssen, M, (1936). Untersuchungen iiber. die Atemregulation ‘bel Menschen besonders mit 
~~ Hinblick auf die Art des chemischen Reizes. Skand. Arch. Physiol, 74, gappl. 10, 87-208. 
Perers, J. P. & Van yids D. D. A tps Quantitative Clinical Chemistry, vol, 1, pp. 217-220, 

London: Balliére, Tindall and 

J. biol. Chem. 173, 25-30. 

Scuirsr, K.-E. (1949), Atmung und Séure-Basengleichgewicht bei langdauerndem Anfenthalt 

in 3% CO,. Pfltig. Arch. ges. Physiol. 251, 689-715. 

SHEePHarD, R. J. (1954). The carbon dioxide balance sheets of the boildi: their Getermbsition i in 
no subjects and in cases of congenital heart disease = ‘& consideration: of ‘their 
significance. Ph.D, Thesis, University of London. 

wap R. J. (19554). A critical examination of the Douglas bag technique. J. Physiol. 127, 


R. J. (19556). The metabolic cost of hyperventilation during early of 
hypercapnia. J. Physiol. (in the Press). 

SueruarD, R. J. (1955c). iratory responses to the inhalation of 0 at atmospheric 

mare J, (1955d). The resting hyperventilation of congenital heart disease. Brit. Heart J. 

SHEerPHarp, R. J. (1955e). Redistribution of systemic blood flow in pulmonary stenosis. Brit. 
Heart J. (in the Press). 

Srapig, W. C., O’Brien, H. & Lava, E. P. (1930). Dicterasieation of the H of serum at 88° with 
the glass electrode and an improved electron tube potentiometer. J. biol. Chem. 91, 243-269. 

Swan, J. H. C. & Woop, E. H. (1953). Localization of cardiac defects by dye-dilution curves 
recorded after injection of T-1824 at multiple sites in the heart and great vessels during 
cardiac catheterization. Proc. Mayo Clin. 28, 95-100. 


Van Sty«z, D. D. & J. Jn.-(1928). Studies of uilibria in the blood. 

_ XY. Line charts for graphic calculations by the Henderson- Hassel equation, and for 
a ting plasma carbon dioxide content from whole blood content. J. biol. Chem. 79, 
781-798, 


Vax D, D., Wu, H. & McLxan, F.C. (1923). Studies of gas and electrolyte equilibria 


in the blood, V. Factors controlling the —an and water fr distribution in the blood. 
J. biol. Chem. 56, TOB-840. 


799 
By 
aS 
ig 
~ 
(2 
3 4 J 
= 


159 


J. Physiol. (1955) 129, 159-166 


THE RELATIONSHIP OF SODIUM IONS TO THE 
RELEASE OF ACETYLCHOLINE 


By 0. F, HUTTER anp KRISTA KOSTIAL 
From the Department of Physiology, University College London and the 
: Institute for Medical Research, Zagreb, Yugoslavia : 


(Received 12 January 1955) 


As a result of experiments on the neuromuscular junction, Fatt & Katz (1952) 
advanced the hypothesis that acetylcholine may be released from the nerve 
endings in consequence of the entry of sodium ions, by a cation exchange 
mechanism analogous to the release of potassium in active nerve or muscle 
fibres (Hodgkin, 1951). The present experiments, which have already been 
briefly reported elsewhere (Hutter & Kostial, 1954a), were made to test this 
attractive hypothesis on a preparation which permits direct determination of 
the amount of transmitter released under different environmental conditions. 
They show that the amount of acetylcholine liberated from perfused cat 
sympathetic ganglia is independent of the sodium ion concentration, at least 
so long as enough sodium is present for conduction of impulses along the 
preganglionic nerve fibres. This is contrary to the predictions of the ion- 
exchange hypotheses, and it remains uncertain, therefore, whether sodium ions 
play the essential role in the release of transmitter substances from nerve 
endings which has been tentatively assigned to them. | 

A few experiments confirming that calcium ions are indispensable for 
the release of acetylcholine on preganglionic stimulation are also reported. — 


METHODS 
Superior cervical ganglia of cats anaesthetized with chloralose were perfused with Locke’s solution 
by the conventional method. When desired the sodium chloride in Locke's solution was partly or 
completely replaced by sucrose, 88 g/l. sucrose being taken as isotonic with 0-91 g/l. sodium 
chloride. In some experiments the concentrations of calcium chloride and potassium chloride 
were also varied as described in the text. Eserine sulphate 1:100,000 was added to all solutions, 
On each changeover from one solution to another the cannula in the carotid artery was flushed, 
and the dead-space remaining on the arterial side was thus reduced to probably less than 0-1 ml, 


In all experiments, except those with high potassium, the flow was brisk at a rate of 0-5-0-8 ml./min. 


Generally 90% or more of the inflowing fluid was collected from the venous cannula in the first 
1}-2 hr of the experiment, but in all experiments care was taken to avoid accumulation of fluid 
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around the ganglion, which remained in situ surrounded by liquid paraffin. The conditions for 
stimulation of the preganglionic trunk were described in a preceding paper (Hutter & Kostial, 
19545). When the effect of potassium on acetylcholine liberation was studied, the superior cervical 
sympathetic trunk was tied, but left otherwise undissected. 

Acetylcholine was assayed on the blood pressure of chloralosed, eviscerated cats and the results 
expressed in terms of the chloride. The presence of sucrose in the perfusates did not appear to 
interfere with the assay. When the potassium content of the perfusion fluid was raised during the 
experiment, extra potassium chloride was added also to the control samples after their collection, 
so as to bring all samples to the same ionic composition. 


RESULTS 
Acetylcholine release during sodium deficiency 
In studying the relationship between the sodium ion concentration in the 
perfusion fluid and the release of acetylcholine on preganglionic stimulation, 
the obvious difficulty arises that sodium is essential for conduction of impulses. 
A failure in acetylcholine output is therefore inevitable when perfusing with 
solutions containing less than about 25% of the normal sodium content. 
However, according to the cation exchange hypothesis, a gradual decrease in 
the amount of acetylcholine liberated should precede this inevitable failure: as 
less sodium enters the nerve endings with each impulse, less acetylcholine 
should be released. We have therefore studied, in the first place, the effect of 
lowering the sodium concentration to one-half or one-third. 
‘Taste 1. Output of acetylcholine (myg/5 min) on reduction of 
' sodium concentration in the perfusion fluid 


In each experiment samples 1, 2, 5 and 6 were collected during perfusion with Locke’s solution; 
sodium concentration. 


Sample 
Sodium A 
concentration 1 2 3 4 5 6 
One-half 80 60 100 72 60 52 
One-third 36 33 39 36 30 30 
One-third 74 82 94 44 64 — 
One-third 14 86 93 87 50 40 


- Table 1 gives the results obtained in four experiments. In each the cervical 
sympathetic nerve was stimulated intermittently at 2/sec, 5 min periods of 
stimulation alternating with equally long rests. The venous outflow during 
each period of stimulation was collected as a sample for assay. Usually six 
samples were taken, and Locke’s solution was exchanged for the sodium 
deficient solution during collection of the third and fourth sample. As will be 
seen, the results show sometimes a considerable scatter, but they do not on 
the whole indicate a relationship between the sodium ion concentration in the 
perfusion fluid and the amount of acetylcholine released on preganglionic 
stimulation. 

It, seemed advisable, therefore, to re-examine our experimental procedure. 
For, although we had previously obtained clear-cut results in experiments of 
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similar design on raising the calcium or magnesium concentration (Hutter & 
Kostial, 19546), the question now arose whether 5 min of preliminary perfusion 
is indeed long enough for equilibration between the perfusion fluid and the 
extracellular fluid surrounding the nerve endings. A second series of experi- 
ments was therefore made in which as much time was allowed for attainment 
of an equilibrium with the test solution as was possible without risking the 


100'r 100 
(a) | (b) 


Output of acetylcholine (mpg/5 min) 
8 


(<) (d) 
] | # 
50 50+ 
| 
0 30 ae 90 0 30 90 
Time (min). -Time (min) 


Fig. 1. Each block represents the amount of acetylcholine released during 5 min stimulation of 
the cervical sympathetic at 2/sec. The first and the last samples in every experiment were 
collected during perfusion with sodium-deficient solution ; the second sample while perfusing 
with normal Locke’s solution. The sodium concentration was reduced to (a) 50%, (6) 30%, 
(c) 20%, (d) 10%. 


- deterioration of the preparation. In this series perfusion was started with the 


sodium-poor solution, in order to avoid accumulation of sodium-rich oedema 
fluid in the extracellular tissue spaces, and continued for half an hour before 
stimulating the preganglionic nerve for the first time. Normal Locke's 
solution was then admitted and a control sample collected. Finally, a third 
sample was collected half an hour after returning to perfusion with sodium- 
poor solution, The results of these experiments are illustrated in Fig. 1. As 


before, no effect on the output of acetylcholine was observed on reducing the 
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sodium concentration to 50 or 30%. With a solution containing only 20° 
sodium some diminution probably occurred after long-lasting perfusion. When 
only 10% sodium was present an unmistakable effect was seen, but this 
abrupt decrease in acetylcholine output was doubtless _" to block of con- 
duction in the preganglionic nerve fibres. 


Effect of potassium in absence of sodiwm 
To obtain additional information on the role of sodium ions we made use of 
the well-known ability of potassium ions to liberate acetylcholine (Brown & 
Feldberg, 1936). By this approach the effect of perfusion with sodium-free 
solutions can be tested, if it is assumed that acetylcholine release by potassium — 
depends upon the direct depolarization of the nerve endings, rather than upon 
the arrival of conducted nerve impulses (Brown & MacIntosh, 1939). 


100, 

ol 

| Time (min) Time (min) 


Fig. 2. (a) Ganglion perfused with eserinized Locke’s solution, Between arrows (| +) potassium 
concentration increased to 23 m-mole/l. (6) Ganglion perfused with sodium-free solution. 
Between arrows potassium concentration increased as in (a). 


In confirmation of Brown & Feldberg (1936) the optimum practicable con- 
centration of potassium for acetylcholine liberation was found to be about 
5 times normal. With higher concentrations the accompanying vasoconstric- 
tion was so severe that it could not be readily overcome by raising the per- 
fusion pressure. Thus, in a control experiment, perfusion with Locke’s 
solution containing 23 m-mole/l. potassium liberated about 72 myg acetyl- 
choline in 10 min (Fig. 2a). In another experiment the same amount of 
potassium was added, after 30 min of preliminary perfusion, to a solution 
containing sucrose, instead of sodium chloride. Under these conditions 
76 mpg acetylcholine was released (Fig. 2b). It appears, therefore, that 
potassium liberates acetylcholine independently of the presence of sodium. 
Similar results have been obtained incidental to a different study by Prof. 
F. C. MacIntosh (private communication of unpublished experiments). 
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The experiment. illustrated in Fig. 26 is not altogether typical of all the 
experiments in which sodium-free solutions were used for perfusion. We have 
observed several times that under these conditions a rather variable spontaneous 
output of small quantities of acetylcholine occurs. When this happened the 


effects of potassium were less striking, though still present. The phenomenon 


seemed a real one: in two experiments a spontaneous output of about 15-20 
myg/5 min was produced simply by changing from Locke’s to sucrose solution. 
In one of these experiments the output was well maintained, in the other it 
decreased considerably in the first half an hour of perfusion with ‘sucrose- 
Locke’. Adding sucrose to normal Locke’s solution, so as to increase the 
tonicity to 150%, did not cause a leakage of acetylcholine in one experiment. 


TaBLE 2. Effect of calcium lack on acetylcholine release (mug/5 min) 
Samples 1, 3 and 5 collected during perfusion with Locke’s solution (2-1 m-mole/I. calcium); 
samples 2 and 4 while perfusing with calcium-deficient solution (0-84 m-mole/l. calcium). 


A 


| 
« 


It seems possible that this phenomenon is related to the large, irregular 
potential differences which occur in frog muscles soaked in sodium-free 
sucrose solutions (Fatt, 1950). 


Effect of calcium lack 

In view of the essentially negative results obtained on varying the sodium 
concentration it seemed desirable to control the conditions of the above 
experiments in some way. We therefore studied the effect of partial removal 
of calcium ions, as this cation is known to be related both to the release of 
acetylcholine from sympathetic ganglia (Harvey & MacIntosh, 1940) and to 
the size of the end-plate potential in frog muscle (Kuffler, 1944; del Castillo & 
Stark, 1952). 

In all experiments the calcium concentration was reduced to 40% (i.e. from 
21 to 0-84 m-mole/l.). In some, perfusion was begun with normal Locke's 
solution, in others with the calcium-deficient solution. In any event, 20 min 


was allowed after each changeover before stimulating the preganglionic nerve 


for 10 min at 1/sec, and collecting a sample for assay. Altogether eight experi- 
ments were made. In five of these (Table 2, 1-5) a decrease to about one-third 
of the normal output of acetylcholine was observed when the calcium- 


poor solution was used for perfusion. In the remaining three sain 
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(Table 2, 6-8) an unexpected phenomenon was observed. Lowering the 
calcium concentration had no effect on acetylcholine liberation ; instead a two- 
or threefold increase in the output occurred on returning to normal Locke’s 
solution. The ganglia thus behaved at this stage just as though eztra calcium 
had been added (Hutter & Kostial, 19545), and it must therefore be concluded 
that the calcium concentration was effectively reduced earlier in the experi- 
ment, and that, the acetylcholine output remained unaltered in spite of this, 
possibly because it was already low. In two of the three experiments which 
gave this atypical result perfusion was switched to the calcium-poor solution 
for a second time; the usual decrease in the ee of acetylcholine was then 
observed in both cases. 


The preceding experiments are based on the assumption that the mechanism of acetylcholine 


release from the motor nerve terminals and from the preganglionic nerve endings is essentially the _ 


same, Recently, however, Brink (1954) has drawn attention to an apparent contrast between 
the behaviour of nerve muscle preparations and of sympathetic ganglia, which has hitherto 
escaped notice, and which calls for an explanation. 

If frog sartorius is treated with an isotonic solution containing only sodium chloride a block 
of neuromuscular transmission develops which may be relieved by addition of calcium chloride 
(Locke, 1894). If, on the other hand, a ganglion is perfused with plain 0-9 % (w/v) sodium chloride, 
acetylcholine liberation and synaptic transmission remain unimpaired (Harvey & MacIntosh, 
1940). The latter observation is all the more puzzling since Harvey & MacIntosh clearly showed 
that perfusion with calcium-free Locke’s solution (i.e. a solution containing potassium chloride as 
well as sodium chloride) regularly leads to failure in acetylcholine output and of transmission. The 
presence of potassium ions was thus a necessary condition for the appearance of the effects of 
calcium lack, and the experiments stand open to the interpretation that in sympathetic ganglia 
an excess of potassium, rather than a specific lack of calcium ions, is responsible for the impair- 
ment of acetylcholine output on preganglionic stimulation. 

It seems possible, however, that calcium is essential for acetylcholine release in the ganglion as 
well as at the neuromuscular junction, but that a lower concentration suffices in both cases when 
potassium is also omitted. An explanation of this kind is suggested by Overton’s (1904) observa- 
tion that addition of potassium to frog nerve muscle preparations soaking in calcium-free solutions 
hastens the appearance of neuromuscular block; and it seems all the more likely since Harvey & 
MacIntosh were principally concerned with the differences in the immediate effects of calcium-free 
Locke’s solution and of isotonic saline. The continued output of acetylcholine observed on per- 
fusion with isotonic saline might then simply be due to the relatively slow removal of calcium 
from the sympathetic ganglion. We have therefore made some experiments to test whether acety]- 
choline is released on preganglionic stimulation even after } hr perfusion with plain 0-9 % sodium 
chloride (and eserine). Under these conditions less than 10% of the amount normally liberated 
could be detected, and no difference was observed between simultaneous omission of calcium 
chloride and potassium chloride, and omission of calcium chloride only. No essential difference 


appears thus to exist between different cholinergic nerve endings, at least as far as the role of 
calcium ions is concerned. 


DISCUSSION 


The interpretation of our results depends entirely on how far we succeeded in 
effectively altering the composition of the fluid surrounding the preganglionic 
nerve terminals. It becomes necessary, therefore, to consider whether a 
diffusion barrier possibly prevents the removal of sodium chloride, In this 
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connexion the capsule of accessory cells around the ganglion cells and pre- 
ganglionic nerve endings naturally comes to mind, for it isan anatomical peculi- 
arity of sympathetic ganglia which has no counterpart at the neuromuscular 
junction. We believe, however, that much evidence speaks against the exis- 
tence of such a physical barrier in perfused preparations. First, acetylcholine 
itself appears promptly in the venous effluent on preganglionic stimulation, 
and this alone suggests that the capillaries and nerve endings are in intimate 


contact. Secondly, the effect of adding potassium, calcium or magnesium to 


the perfusion fluid develops to its maximum within 3-4 min, as can be readily 
seen when records of nictitating membrane contractions are taken. Further- 
more, perfusion for half an hour with calcium-deficient solutions produces 
clear-cut physiological effects, and this is probably a fairly severe test in view 
of the binding of calcium ions by proteins. Finally, the output of acetyl- 
choline fell off in our experiments as expected when the sodium concentration 
was lowered to a level at which nerve block occurs. We believe, therefore, that 
the results of our experiments with sodium-deficient solutions are probably as 
acceptable as any likely to be got from perfused ganglia, and, although it would 
be preferable to have evidence also from other cholinergie nerve endings, we 
must conclude that sodium ions are not essential for the release of acetylcholine. 

Since the mechanism of acetylcholine release thus remains obscure, some 
interest attaches to the observation that potassium can release acetylcholine 
in the absence of sodium; for under these conditions potassium cannot set up 
propagated action potentials in the preganglionic nerve (Brown & MacIntosh, 
1939) and the effect must therefore be ascribed to a direct depolarization of the 
nerve endings. How the change in the membrane potential leads to a release 
of transmitter remains unknown. One possibility is that a change in the 
permeability of the nerve ending membrane itself is responsible. Alternatively, 
the membrane potential may be coupled to some process inside the nerve 
endings. On the latter view the action potential may under normal circum- 


stances merely trigger the release mechanism in a similar way to the triggering — 


of the mechanical response by the muscle action potential. It is noteworthy 
in this connexion that the contracture response of muscle which is normally 
produced by excess potassium is not abolished by removal of sodium, provided 
some calcium salts are present (Overton, 1904; Fatt, 1950). 

If it is accepted that acetylcholine is not liberated in exchange for sodium, 
some consideration must be given to the possibility that it may be released 
together with an internal anion. One is thus led to speculate further whether 


the liberation of transmitter substances from nerve endings may not involve — 


the extrusion of intracellular components as is thought to happen in other 
secretory glands during activity (Babkin, 1944). Such a notion would fit the 
recent finding that acetylcholine is released in a quantal manner (Fatt & Katz, 
1952), and could possibly be tested by the electron microscope. 
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SUMMARY 


1. The perfused superior cervical ganglion of the cat has been used for 
studying the relationship between the sodium-ion concentration and the 
release of acetylcholine from the preganglionic nerve endings. 

2. So long as the perfusion fluid contains 30% of the normal sodium con- 
centration, no change in the amount of acetylcholine released on preganglionic 
stimulation could be detected. : 

3. With further lowering of the sodium concentration the output of 
acetylcholine decreased abruptly, presumably because of block of conduction 


in the preganglionic nerve endings. 
4, The liberation of acetylcholine by potassium. is independent of the 
presence of sodium. : 


We wish to thank Prof. G. Brown an Pro. B Kate fr «numberof 
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THE DISTRIBUTION OF MYELIN ON NERVE FIBRES 
FROM PACINIAN CORPUSCLES 


| By T. A. QUILLIAM anp M. SATO* 
From the Departments of Anatomy and Physiology, University College London 


(Received 20 January 1955) 


Gray & Sato (1953) recorded potentials from nerve fibres at the points where 


they left Pacinian corpuscles; when the Pacinian corpuscles were stimulated | 


mechanically, they observed potentials which had three phases. The first of 
these phases, called the receptor potential, was graded to the stimulus strength, 
while the second and third phases represented diphasic impulse activity. On 
indirect evidence they assumed that the site of recording lay between the 
‘non-myelinated’ terminal and the first node of Ranvier, and consequently 
that the receptor potential and the second phase were generated in the ‘non- 
myelinated’ terminal, while the third phase originated from the first node of 
Ranvier. | 

It is surprising that comparatively little is known about those histological 
features of the nerve fibre, which are necessary for the full interpretation of the 
potentials mentioned above; this, in spite of the fact that the presence of 
Pacinian corpuscles was first detected over two centuries ago (Lehmann, 1741) 
and that their histological appearance has been described in considerable de- 
tail on a number of occasions during the last 120 years (Pacini, 1835, 1840; 
Henle & Kdlliker, 1844; Todd & Bowman, 1845; Stéhr, 1928; etc.). An attempt 
has, therefore, been made to describe the myelination of nerve fibres from 
Pacinian corpuscles, 


METHODS 
Twenty-two Pacinian corpuscles with their nerve fibres were dissected from the mesenteries of 


adult cats (body weights 1-6 -3-5 kg), using the technique described by Gray & Sato (1953).’ 


In four of these specimens, a number of the laminated connective tissue layers of the corpusele 
were removed in order that the fibre lying inside might be more clearly visible after staining. 


Most of the specimens were then placed in osmic acid (0-5% in normal saline) for 30 min. After 


dehydration in ascending concentrations of alcohol, the material was cleared in cedarwood oil and 
mounted on glass slides in canada balsam. In a few instances the gold chloride staining technique 

* Present address: Department of Physiology, Kumamoto University College of Medicine’ 
Kumamoto, Japan. 
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of Ranvier, as modified by Carey (1941), was used, and this proved to be particularly suitable for 
displaying the intra-corpuscular endings. 

A complete photomicrograph ( x 350) was made of each preparation. Most of these were 0-7 m 
in length but others were much longer. The exact sites of the nodes of Ranvier were confirmed 
microscopically by reference to the original specimens. Each internode in every specimen was 
examined, and measurements of internodal lengths and diameters were made. The diameters 
proved to be somewhat variable in any one internodal region and so a maximum, a minimum and an 
intermediate value were obtained by both authors working separately ; the intermediate value was 
that of a part of the internode which appeared typical; six figures were thus obtained, and the mean 
of these six was recorded. The absolute magnification of each photomicrograph was checked against 
a micro-scale. 


General description 


The Pacinian corpuscles were usually ellipsoid in aie and each was 
supplied by a single myelinated nerve fibre; this fibre entered at the proximal 
pole and then passed along the major axis of the corpuscle (Pl. 1, fig. 1). In the 
first quarter of its intracorpuscular length the fibre took a tortuous course and 
was clearly myelinated, but the outline of the myelin was much less regular 
than elsewhere. At the end of this section the axon entered what is best de- 
scribed as the central core of the corpuscle (see Pl. 1, fig. 4), and at this point 
the fibre became very much thinner, more lightly stained and quite straight 
(PL 1, figs. 2, 3). It then passed in the longitudinal axis of the corpuscle to the 
distal extremity of the central core. Here the fibre frequently bifurcated, each 
branch ending in a small swelling (PI. 1, figs. 4, 5). 


The fibre outside the corpuscle 

This had the appearance of a conventional mammalian myelinated nerve 
fibre (Ranvier, 1878) and was surrounded by a sleeve of connective tissue some 
20 in diameter. This sleeve was continuous with a similar structure inside the 
corpuscle which in its turn blended with the material forming the central core 
(Pl. 1, fig. 2). A number of the nodes of Ranvier observed did not manifest all 
the morphological criteria enunciated by Hess & Young (1952). Usually, 
however, there was little difficulty in locating the exact position of the nodes 
under the microscope. 

A node of Ranvier was always identified lying just outside the corpuscle 
(Pl. 1, fig. 2) and, since the distance of this structure from the margin of the 
corpuscle was of considerable importance in the interpretation of potentials 
recorded from this region, special attention was paid to its whereabouts. In 
fifteen specimens, the distance of this first node from the corpuscle varied 
between 0 and 150u (mean value 53,), but in only one specimen did this 
figure exceed 150 and in six cases it was less than 20. The actual measure- 
ments are summarized in Text-fig. 1. 

The first internode lying entirely outside the corpuscle was measured in each 
of twelve specimens, and it was found that the total diameter of the fibre 
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(axoplasm plus myelin sheath) varied from 4-1 to 6-9 (mean value 5-8, 
s.D. about mean, 0-8), whilst the length of the internode ranged from 144 to 496 
(mean value 285, 8.D. 85.) | 


100 
Distance (microns) 
Text-fig. 1. Frequency distribution of the distance between the margin of the corpuscle 
| and the first extra-corpuscular node. 


In several specimens the fibre was dissected for several millimetres, and it 
was possible to measure, in each, a number of successive internodes. The nodes 
of Ranvier were found at more or less regular intervals along each fibre, but 
in every preparation there was a tendency for the more proximal internodes 
to be longer without being appreciably wider. The results from four typical 
specimens are shown in Text-fig. 2. Similar changes in internode length near 


the termination of nerve fibres in the skin plexuses of fishes and frogs have 


been observed by Whitear (1952). | 

The relationship between internode length and fibre diameter was examined 
in twenty-eight internodes derived from seven specimens in each of which four 
successive internodes were studied. There is a wide scatter in the values of the 
internode lengths and a smaller range of variation in the diameter measure- 
ments (see Text-fig. 3). On the whole, the fibres which had the larger dia- 
meters possessed the longer internodes. The correlation coefficient between 
internode length and diameter is 0-59 and this is significant by Student's ¢ test, 
the probability lying between 0-001 and 0-01 %. The regression equation of the 
internode length on the diameter is 


L=115d — 283, 
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‘where L represents internode length in » and d diameter in ». The standard 
error of the regression coefficient (i.e. the index of slope) is 32. The correlation 
of internode length and diameter is not close, nor, indeed, would it be expected 
to be, as there is a relation between internode length and the position of the 
internode (with reference to the corpuscle) a relation not accompanied by a 


450 


Number of internode 


Text-fig. 2. Relation of internode length and fibre diameter to the number of the internode, 
counting centrally and starting with the first completely extra-corpuscular internode. 
Ordinate: dimensions of length of internode (circles) and fibre diameter (crosses) as a per- 
centage of those of the first internode of each preparation, which were: (a) 205, 5-7; (6) 

, 280, (c) 495, (d) 223, 6-9. Abscissa: number of internode. 


corresponding change of fibre diameter (Text-fig. 2). The length of internodes 
is influenced by the amount of growth of the region after myelination (Vizoso & 
Young, 1948). It is not easy to forecast how such growth factors would in- 
fluence the internode length in the present case. 


The fibre said the corpuscle 


The convoluted segment. For the first quarter of its intra-corpuscular course 
the fibre was tortuous and irregular in outline. Measurements were thus diffi- 
cult to make accurately, but in any one specimen the diameter of this part of 
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the fibre was approximately the same as that outside the corpuscle. In some 
instances that part of the fibre inside varied more in diameter than the part 
outside the corpuscle; for example, in one specimen in which this variation 
was especially well marked the apparent diameter of the fibre in the convoluted 
segment varied between 14-5 and 5-72, whereas along the first extra-corpuscu- 
lar internode the same fibre had a mean diameter of 6:8 (range 5-7-8). 


Internode length (microns) 
3 


0 i i i 4 
0 1 2 3 a 5 6 7 8 
Diameter (microns) 
Text-fig. 3. Relation of internode length to diameter in seven nerve fibres from Pacinian corpuscles; 
four successive internodes measured in each fibre. Ordinate: internodal length (microns). 
Abscissa: diameter (microns). Regression equation L = 115d 283. 


The most interesting feature in this region was the presence of a gap in the 
nyelin sheath located roughly mid-way between the first extracorpuscular node 
and the beginning of the terminal segment (PI. 1, fig. 2). In nine specimens, 
the distance between this node and the gap varied between 175 and 430u 
(mean 247, 8.p. 68). The distance between the gap and the beginning of the 
terminal segment of the fibre ranged from 140 to 452y (mean value 247p, 
8.D. 86) (see fig. 4). | 
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Whether these discontinuities in the myelin sheath of the fibre were nodes 
of Ranvier or were artifacts was a question of special interest and importance. 
The only other non-traumatic deficiencies in the myelin coat described as 
occurring regularly in normal nerve fibres are the incisures of Schmidt- 
Lantermann, and these are differentin shape and periodicity from the structures 
under discussion. Since these gaps were seen through a number of connective 
tissue lamellae, which might produce some optical distortion, some of the 
lamellae were removed before staining; a photograph of a typical gap from 
such a preparation is shown in Pl. 1, fig. 6. It will be seen that these gaps in 
the myelin are similar in shape to nodes of Ranvier. Their general appearance 
and their regular presence about half way along the tortuous part of a fibre 
strongly suggests that they were, in fact, nodes of Ranvier. 

The terminal segment. At the point at which the fibre entered the central core 
of the corpuscle, it suddenly became narrower. No branching was detected to 
account for this change in diameter. Hitherto it has been generally assumed 
(e.g. Stohr, 1928) that the myelin sheath is lost at this point and that this loss 
accounts for the change in diameter. Our results show that the terminal 
portion possesses a weakly osmiophilic sheath without any nodes or other 
gaps. 

The terminal segment was straight and lay in the longitudinal axis of the 
corpuscle in the middle of its central core. There were no marked or sudden 
changes in diameter along its entire course nor were there any structures re- 
sembling nodes of Ranvier. In some specimens it was possible to measure this 
terminal part of the nerve fibre; the mean length was about 600y and the 
mean diameter about 2-3; in one particular example the diameter varied 
between-2-8 and 5, while the mean diameter of the fibre outside the corpuscle 
was 

At the distal end of the central core, the fibre usually bifurcated. The 
branches so formed were about 50-100, in length and each ended in a rounded 
osmiophilic swelling of about 8-12, in diameter. 


The dimensions of the corpuscle 
_ The length of eighteen corpuscles stained by osmic acid (not chosen as a 
random sample) varied between 0:46 and 1-55 mm (mean value 1-02, s.p. 
0-24 mm) and their breadth ranged from 0-33 to 1-13 mm (mean value 0-67, 
S.D. 0-31 mm). These figures were in substantial agreement with those of 
Henle & Kolliker (1844), who examined unstained Pacinian corpuscles from 
adult men. They found that these structures varied from 0-8 to 1:2 mm in 
length and from 0-45 to 0-6 mm in breadth. Sometimes, however, small 
corpuscles, which were less than a quarter of the average size, were seen. 
Todd & Bowman (1845) stated that larger corpuscles were supplied by larger 
fibres. Our results confirm this statement in general, there being a positive 
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- node length were similar. 


_ (cf. Kecles & Sherrington, 1930; Barnes, 1932; Hursh, 1939), but there is no 
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correlation of 0-5 between fibre diameter and length of corpuscle (0-01 < P< 
0-05). The correlations between other dimensions and fibre diameter or inter- 


The measurements obtained in the present study are summarized in the 


_ Text-fig. 4. Diagram of a typical Pacinian corpuscle. | 


DISCUSSION 
Ii is generally agreed that, of the routine myelin staining techniques, osmic 
acid causes the least transverse shrinkage and that this is less than 10%, 
(Sherrington, 1894; Duncan, 1934; Rexed, 1944). The largest source of error 
in these measurements of fibre diameters was the irregularity of the outline 
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reason to suppose that any systematic error was introduced from this cause. 
It thus seems reasonable to suppose that the mean values of diameter approxi- 
mate to those in life. 

Longitudinal shrinkage of nerve fibres during staining processes has “ee 
little studied, but it has been shown that normal and regenerating sural nerve 
trunks may shrink by about 20% of their original length during preparation 
for staining (Quilliam, 1954). At least half of this diminution occurs during 
the cutting of the long nerve trunk into segments of a convenient length and 
embedding in paraffin wax. Since these procedures were not employed in the 


present work it is thought unlikely that the fibres of the Pacinian corpuscles 


shrank by more than 10% of their extent in vivo. Whilst this would affect the 
absolute values of internode lengths, comparison between individual specimens 
would not be affected. 

Previous quantitative studies of fibres innervating Pacinian corpuscles are 
both scanty and incomplete. Thus Gernandt & Zotterman (1946), using 
Alzheimer Mann stain modified by Rexed (1944), found that the diameters of 
these fibres in the mesenteric nerve trunk varied between 6 and 10, and Glees, 
Mohiuddin & Smith (1949), using a variety of stains, recorded a diameter 
range of from 8 to 10y. Both these figures are slightly in excess of those men- 
tioned in the present study, but in both the older accounts the nerve fibres 
were measured farther away from the Pacinian corpuscle than in the present 
experiments; the apparent discrepancy in diameter may therefore be due 
either to a tapering of the Rees towards their ends or to differences in the 
staining techniques used. 


The first extracorpuscular node usually lay within 0-1 mm of the margin 


of the corpuscle, and the next node was located approximately 0-3 mm further 
in a central direction. Gray & Sato (1953) recorded from a 0-25 mm length of 
the nerve fibre and placed the preparation so that this recording length was as 
close as possible to the corpuscle; it appears that, in nearly all preparations, 
their recording length must have effectively coincided with the first completely 
extra-corpuscular internode, i.e. between F and G@ in Text-fig. 4. This being 
so, the peak of the second phase of the potential they describe must have been 
due to activity at the first extracorpuscular node (F in Text-fig. 4), and the 
peak of the third phase to activity at the second extracorpuscular node 
(G@ in Text-fig. 4). The conclusion reached by Gray & Sato (1953) that both the 
receptor potential and the second phase of the complete potential were due to 
activity of the ‘non-myelinated’ terminal must therefore be rejected. 
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SUMMARY 


1. Pacinian corpuscles and their nerve fibres were dissected from the 
mesentery of the small intestine of cats and stained either with osmic acid 
(0:5 %) or by @ gold chloride method. 

2. A node of Ranvier was invariably present on the fibre just proximal to 
its point of entry into the corpuscle (mean distance from corpuscle 53, range 
0-150). 

3. The first internode situated completely outside the corpuscle had a 
length between 144 and 496 (mean 285, s.p. 85), whilst the diameter of the 
fibres in this segment ranged from 4-1 to 6-9 (mean 5-8y, s.D. 0-8). The inter- 
nodal lengths usually increased centrally. 

4, In the proximal part of the corpuscle the fibre followed a tortuous course 
and was of irregular outline; a node of Ranvier was identified approximately 
half way along this part of the fibre. | 

5. On entering the central core of the corpuscle, the fibre became narrower, 
straight and fairly uniform in calibre but retained a weakly osmiophil sheath. 
The fibre ended some distance from the distal extremity of the corpuscle, 
frequently by bifurcation; each branch ended in a small terminal swelling 
8-12 in diameter. | 

6. The corpuscles varied from 0-46 to 1:55 mm (mean 1-02 mm + 0-24) in 
length and from 0-33 to 1-13 mm (mean 0-67 mm +0-31) in breadth. 


We are very grateful to Dr J. A. B. Gray for his encouragement and advice throughout this 
study. We are also indebted to Miss Rose Smith and Mr D. Botheral for technical assistance. 
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EXPLANATION OF PLATE 


Fig. 1. Whole corpuscle stained by osmic acid. 

Fig. 2. The convoluted segment of the fibre inside a corpuscle. 

Fig. 3. The terminal segment of the fibre inside a corpuscle. 

Fig. 4. @ Paciien cormacie from which » number of outer lamelise have been removed, stained 
by osmic acid. 

Fig. 5. A Pacinian corpuscle from which a number of lamellae have been removed, stained by the 
gold chloride method. 

Fig. 6. Node of Ranvier inside corpuscle, from which a number of lamellae have been removed. 
Osmic acid 

Fig. 7. outnide the corpuscle stained by caraic acid. 
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SODIUM EXCHANGES IN CARDIAC MUSCLE 


By V. M. HERCUS, R. J. 8. MCDOWALL D. MENDEL 
From the Department of Physiology, King’s College, University of London 


(Received 18 February 1955) 


The observation of McDowall & Zayat (1952, 1953) that sodium and potassium 
changes in the environment materially affect the activity of the isolated rat 
ventricle, makes it desirable to study the problem quantitatively. The present 
work deals with sodium, potassium and water exchanges under varying en- 
vironmental conditions. Special attention has been paid to changes in the 
sodium environment, as from the work referred to this appears to be more 
important than other ions. ; 
METHODS 


The method is similar to that of Feigen, Masuoka, Thienes, Saunders & Sutherland (1952) but 
simplified by McDowall & Zayat (1952) who used a broader strip of ventricle suspended in a bath 
after the manner of Biilbring (1946) for the rat diaphragm. Rats weighing between 150 and 200 g 
were used throughout, no differentiation between the sexes being made. The time interval between 
killing the animal and placing the preparation in the organ-bath was kept constant at 3 min. The 
maximum thickness of the ventricle after being slightly stretched in the stimulating electrode was 
0-5 mm+0-05 (10), and when allowed to soak without stretch 0-7 mm+0-07 (10). (The + sign 
indicates the standard deviation about the mean, and the figure in brackets the number of obser- 
vations. These have the same meaning subsequently.) 

The compositions of the various solutions used are given below in m-mole/l. 

(1) Normal Krebs (Krebs & Henseleit, 1932). Na*+ 145, K+ 5-9, Ca*+ 2-6, Mg** 1-2, Cl- 130, 
HCO,- 25, H,PO,- 1-2, 1-2. 
(2) Low sodium Krebs. Nat 93, Cl- 83-5, tonicity maintained with sucrose. Other ions as for 
normal Krebs, 

(3) High sodium Krebs. Na* 177, Cl- 158. Other ions as for normal Krebs. 

Aeration was with 5% CO, and 95% O, mixture. Anoxia was produced with 5% CO, and 95% 
N, mixture. The pH was 7-4 at 33° C in all solutions. 

All experiments were carried out at 33° C, at which temperature the preparation will continue 
to give maximal responses to electrical stimulation for many hours longer than required by the 
experiment. 

For sodium and potassium estimations the following procedure was used. Muscles after removal 
from the bath were dried with blotting paper, weighed in glass tubes, dried for 24 hr at 120° C, 
re-weighed after cooling in a desiccator (to obtain the total water content), and then dissolved in 
1 ml. 50% (v/v) nitric acid in a boiling water-bath. This solution was diluted appropriately with 
distilled water for estimation of sodium and potassium by flame photometry. ne 

For the calculation of extracellular water the inulin space was determined. For the in vitro 
estimations the bath medium was prepared to contain 1% (w/v) of inulin. Preliminary work had 
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shown that equilibration of inulin between bath and muscle was maximal in 2 hr, and this time 
factor was kept constant. Inulin in muscle was determined by the procedure described by Ross 
& Mokotoff (1951) and in Krebs (and in plasma) by the method of Roe, Epstein & Goldstein (1949). 
Muscle blanks for in vitro preparations were uniformly negative. The volume of extracellular fluid 
in the tissue was calculated from its inulin content and the bath inulin concentration. 

For the in vivo estimation of sodium and potassium concentration in terms of cell water it was 
necessary to estimate the in vivo inulin space. Rats of known weight were anaesthetized by an 
intraperitoneal injection of 1 ml. of a 25% (w/v) urethane solution. Both renal pedicles were then 
ligated, and an injection of a 22% (w/v) solution of inulin given into one external jugular vein in 
the proportion of 0-5 ml, per 100 g body weight as described by Ledingham (1953). After 3 hr 
blood was collected from a carotid artery and the heart muscle dissected in the usual way. Inulin 
was measured as described for the in vitro preparations. Muscle blanks are required for the 
in vivo estimations. Plasma blanks are negative. The amount of blood remaining in the ventricle 
was found in initial trials to be less than 0-5 % of the tissue volume and is therefore negligible. The 
method of calculating the in vivo space was as used for the soaking experiments. 

Calculations of sodium and potassium per litre of intracellular water were made by deducting 
the amount of ion in the extracellular phase from the total amount in 1 kg wet weight, and 
correcting the remaining intracellular ion to the amount that would be occupied by 1 1. of cell 
water, as described by Boyle & Conway (1941). 

The preparation used here satisfies the usual criteria for adequate oxygenation. In the normal 
stretched preparation the muscle thickness is 0-5 mm (Feigen et al. 1952) which, theoretically, 
allows diffusion of oxygen. This is supported by the fact that the preparation will respond to 
stimulation for 36 hr with very little deterioration, while during the first hour there is an actual 
improvement in its contraction height. This would certainly not occur if any anoxia was present for 
it will be seen that anoxia, even when quite short-lived, produces a progressive deterioration which 
rapidly leads to death of the preparation. : 


RESULTS 


Concentrations of intracellular sodium and potassium for soaked muscles 


under varying environmental conditions are shown in Table 1, the effects of 
partial anoxia in soaked and stimulated muscles in Fig. 1, and a summary of 
total water contents and inulin spaces in Table 2. 

Exchanges in normal Krebs’s solution. It is seen from Table 1 that when the 
tissue is simply soaked for 6 hr in Krebs’s solution at 33°C containing 
143 m-equiv. of sodium and 5-9 m-equiv of potassium per litre, there occurs an 
uptake of sodium and loss of potassium which is most rapid during the first 
2 hr but thereafter slow. If the sodium in the bath is now reduced to 93 mm, 
the osmotic pressure of the solution being maintained by sucrose, the intra- 
cellular sodium now rapidly falls to below the level of that in the bath. This 
may be considered indicative for the existence of a sodium extrusion mechanism 
and forms a useful measure of ‘pump’ activity. There is no change in the 
inulin space as a result of soaking. 

Exchanges in high and low sodium Krebs. If the muscles are soaked in low- 
sodium Krebs from the beginning, a smaller uptake of sodium occurs, while 
the uptake of sodium is increased by soaking the muscle in a modified Krebs’s 
solution containing 177 mm-sodium; the uptake of sodium is increased in rate 
and in amount but there is unexpectedly no increased loss of potassium. There 
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is, however, @ loss of intracellular water. To allow comparison between high 
and low sodium solutions to be made, the osmotic pressure of the low sodium 
solution was made equal to that of the high sodium solution by adding sucrose. 
The inulin space is not affected by changes in the sodium content of the 
solution. 


1, Intracellular Na and K concentrations 


+ 6 hr normal 
Krebs +4 hr 
low 
2 hr 4hr 6hr -° Na Krebs 
Nay, 64-:04+5-6 (10) 71-5443 (12) 80-5+7-7 (12) 62-56+6 (6) 


-Oxygenated Krebs, 
['=33° soaked Kee 125-7455 (10) 115414 (12) 110411-7(12) 11146 (6) 


Stretched muscles 33°, Na,  6412:1 (4) — 84+ 5-2 (6) — 
0, Krebs Kew  140410-0 (4) 1274.8-5 (6) 
Low-sodium Krebs, 56-5449 (6) 55-7445 (6) 61-24-09 (6) 
33° soaked* 146455 (6)  13746(6) 11845°3 (6) 
Krebs, Nay, 7645-7 (6). 8444-6 (12) 8844-9 (10) 
soaked 133-48 (6) 129+4-9 (12)  119+6-2 (10) 
High potassium Nau, —  69-0+5-1 (6) 


* Low sodium balanced to osmolarity of high-sodium Krebs. 
Na.~= Na-concentration in m-mole/kg fibre, water. 
K.,=K concentration in m-mole/kg fibre water. 


TaBLE 2. Total water content and inulin space of muscles 


206 +80 (8) 
in THO} (1) 77220 


2 br 6hr 
0, Krebs [H,0] ec (i) 297437 (10) 288-429 (10) 
| [H,0} (T) 78449-6(10) 78049-0(12) 781-410 (12) 
‘Stretched muscles ec(i) 3144-28 (10) 331 +18 (10) 
[H,0] (T) 783 4.10 (4) ios 781-49 (10) 
‘Stimulated muscles Rate 12[H,O](T) _787-42-0 (4) 
Rate 36 [H,0] ec(i) 302-430 (10) 
| [H.O](T)  791-45-0(4) 
Rate 100[H,0](T) 78643-0 (4) 
*Low-sodium Krebs [H,0] (T) 7624110 (6) (6) 75841-0 (6) 
igh-eodium Krebs [H,O}ec(i 237 +16 (10 
Anoxic Krebs O} ec (i 907431 (10) 205428 (10) 


* Balanced to osmolarity of high Na Krebs. | 
H,0O ec(i)= extracellular water in ml./kg wet weight, determined by inulin space. 
H,0 (T)= total water in g/kg wet wt. 


Exchanges with high potassium. The addition of potassium to the bath in an 
amount which normally increases the mechanical response does not produce 
any changes different from those in normal Krebs’s solution. 

- The effect of increased tension. The study of sodium and potassium exchanges 
with stimulated muscles is complicated by an increase in the inulin sas — 
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the muscle is stretched as is usual between clamp and lever. This increase in 
inulin space appears to be a direct consequence of stretching per se, as stretched 
-non-stimulated muscles also show this increase (Table 2). Total water content 
remains the same in stimulated muscles, stretched controls, and soaked 
muscles (Table 2). This means that the extracellular water has increased at the 
expense of the intracellular water, and because of the small fraction of extra- 
cellular potassium, the shift of water out of the cell has the effect of signifi- 
cantly raising intracellular potassium level (¢ = 3-18, 0-001 <P <0-01). This can 
be seen from the figures below, where muscles stimulated at rates of 12, 36 and 
100 per min, for 2 hr are compared with stretched controls and unstretched 
controls. Sodium levels in terms of concentration in m-mole/kg intracellular 
water do not differ in unstretched and stretched controls. The maintenance of 
a similar concentration of sodium with reduced intracellular water means that 
sodium has been extruded by stretching the muscle (also Harris, 1954). 

Effect of stimulation. There is no difference between the sodium content of 
stretched control muscles and that of those stretched and stimulated by 
maximal stimuli at various rates. Small differences were, however, found 
between the control potassium and the lowest potassium in the series at rate 
100 per min and are possibly significant (¢ =3-42, 0-01 < P<0-02), suggesting 
that higher rates of stimulation may cause increased potassium loss: 


, Rate of stimulation per min 
Stretched Unstretched A 
controls controls 12 36 100 


(4) 64-0456 (10)  63-343-7 (4) 61-14-3-8 (4) 6043-6 (4) 

Kew 1404100 (4) 125-7455 (10)  18548-4(4)  12448:3(4) 11548-3 (4) 
Effects of anoxia. If muscles soaked for 14 hr to allow stabilization are 
subjected to anoxia they take up sodium rapidly, and this is increased if they 
are stimulated with a maximal stimulus at a frequency of 12 per min at the 
same time (Fig. 1). If they are subjected to the anoxia for only half an hour, 
when oxygen is re-introduced they at first recover their sodium extruding 
mechanism, but this fails again after several hours. If stimulation is continued 
during the anoxic period the period of temporary recovery is absent. Even 
when the anoxia has been of short duration the sodium extruding mechanism 


is apparently damaged for low sodium for 1 hr at the end of a 6 hr period does — 
not lower the intracellular sodium below that of the external medium, as in 


the case of muscles continuously oxygenated. The anoxia does not affect the 
Inulin space (Table 2). | 

DISCUSSION 
The observation that isolated frog muscle will take up sodium and lose potas- 
sium when placed in physiological media has long been known. Earlier 
workers, influenced no doubt by current views that sodium did not penetrate 
cell membranes, attributed the increase in sodium to expansion of the extra- 
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cellular space when measured as chloride (Fenn, Cobb Marsh, 1934). That 
the increase is intracellular is confirmed by Creese (1954) using rat diaphragm. 
He comments on the relative immobility of potassium and the inadequacy of 
sodium extrusion under stable conditions. 
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Level of Na in normal Krebs _ | 
—— —-——Stimulated muscles get: 
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Fig. 1. Effect of anoxia on intracellular sodium concentration of resting and stimulated muscles. 
In normal Krebs’s solution until 6 hr, then in low-sodium Krebs. 


In the work described here the slow loss of potassium in stretched muscles 
can be seen to be due to movement of water from the intracellular phase to the 
extracellular phase. As previously discussed, the uptake of sodium without . 
loss of potassium does not therefore oppose the view that sodium and potas- 
sium ions are exchanged quantitatively. 
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The observation that stretching frog muscle increases sodium extrusion has _ 
been made by Harris (1954), who correlated sodium extrusion with the tem- _} 
porary increase in heat production noted by Feng (1932). This increase in 
sodium extrusion may contribute to the efficiency of stretched muscle, as it 
has been shown by McDowall & Zayat (1953) that the efficiency of cardiac 
muscle is related to its sodium content. 

Anoxia has been shown to increase greatly the uptake of sodium and loss of 
potassium. This has been observed in diseased hearts by Alexander, Boyle, 
Iseri, McCaughey & Myers (1950) and others,°*and demonstrated in the rat 
diaphragm by Creese (1954). 

It is apparent that anoxia damages the mechanism, for sodium extrusion, 
for when later the preparation is placed in a solution containing low sodium, 
the sodium content of the muscle is much reduced but does not return below 
the level of that of the external medium, thus differing from the case of con- 
tinuously oxygenated muscle. It is interesting to see that such muscles may 
contract even when the internal sodium extrusion mechanism is not fully 
functioning. It is also clear that the rapid failure of the preparation during 
complete anoxia is not solely due to sodium uptake or potassium loss, for 
higher amounts of muscle sodium can be tolerated if the increase is obtained 
slowly by simply soaking the muscle in Krebs’s solution. No doubt there is 
some adaptation to increased internal sodium, indeed such an adaptation is 
seen if sodium chloride is simply added to the bath. ° 

The late failure of the muscle in the presence of oxygen after a short period 
of anoxia has been shown to be associated with an increased sodium uptake 
and this still further supports the view that even short periods of anoxia, from 
which the preparation recovers temporarily, damage the mechanism for 
sodium extrusion. 

The finding that stimulation of oxygenated muscle does not increase sodium 
uptake is in agreement with the work of Fenn & Cobb (1936) who found an 
uptake of sodium only when stimulation was carried to the point of fatigue. 
It may, however, be that normal muscle can extrude sodium very rapidly 
between the contractions. The loss of potassium at stimulation frequencies 
producing exhaustion has been observed by Mitchell & Wilson (1921) in per- 
fused frog muscle, and in ventricular fibrillation by Kehar & Hooker (1935). 
Normal amounts of potassium with moderate stimulation have been found in 
frog muscle by Mond & Netter (1930) and Mitchell & Wilson (1921). 
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SUMMARY 


1. The rat ventricle preparation has been shown to take up sodium and lose 
potassium if placed in a bath of normal Krebs’s solution. Stretching the 
muscle increases sodium extrusion. 


2. Anoxia greatly increases the uptake of sodium and also produces sus- 
tained damage to the sodium extrusion mechanism. 

3. Stimulation of anoxic muscle increases the sodium uptake, but not that 
of normal muscles which can extrude sodium efficiently. 


We gratefully acknowledge a grant made to one of us (V. M. Hercus) by the Medical Research 
Council. 


REFERENCES 


AtexanpeR, L, C., Boyusz, A. J., L, T., McCavenzy, R. S. & Myzrs, G. B. (1950). Elec- 
trolyte and water content of cardiac and skeletal muscle in normals, ventricular hypertrophy 
and infarction. J. Lab, clin. Med. 36, 796. 

Boyz, P, J. & Conway, E. J. (1941). Potassium accumulation in muscle and associated changes. 
J. Physiol. 100, 1-63. 

~_s E. age Observations on the isolated phrenic nerve diaphragm preparation of ~~ 

t. Brit. J. Pharmacol. 1, 38-61. : tie 

Cann, F my en Measurement of cation fluxes in rat diaphragm. Proc. Roy. Soc. B, 142, 

G, A., Masvoxa, D. T., C, H., Saunpers, P. R. & Surnertanp, G. B. (1952). 
The ical gouges of the isolated electrically driven rat ventricle strip. Stanford Univ. 
Publ, med. Sct. 10, 27-31. 

siraye J. P. (1932). The effect of length on the resting metabolism of muscle. J. Physiol. 74, 

441-454. 


Fenn, W. O. & Cops, D. M. (1936). Electrolyte changes in muscle during activity. Amer. 
J. Physiol. 115, 345-356. 

Fenn, W. O., Cops, D. M. & Mansu, B. 8S. (1934). Sodium and chloride in frog muscle. Amer. 
J. Physiol. 110, 261-272. 

see ae ao, An effect of stretch upon the sodium output from frog muscle. J. Physiol. 


-Kenar, N. D. & Hooxzr, D. R. (1935). Evidences of an altered tissue state in ventricular 


fibrillation. Amer. J. Physiol. 112, 301-306 

Knuess, H, A. & HensEerr, K. (1932). Untersuchungen iiber die Harnstoff bildung im Tierkérper. 
Hoppe-Seyl. Z. 210, 33-66. 

LepincHaM, J. M, (1958), The distribution of water, sodium, and potassium in heart and skeletal 
muscle in experimental renal hypertension in rats. Clin. Sci. 12, 337-349. 

McDowatt, ey S. & Zayat, * F. (1952). Sodium chloride and anoxic cardiac muscle. J. Physiol. 
117, 75-7 

J. 8. & A. F. (1953). Sodium chloride and cardiac muscle. J, Physiol. 
120, 1 

P. H. & Wison, J. W. (1921). The selective absorption of potassium by animal cells. 

(I) Conditions controlling absorption and retention of potassium. J. gen. Physiol. 4, 45-56. 

Monn, R. & H. (1930). Andert sich die Ionenpermeabilitat des Muskels wihrend seiner 
Tatigkeit? Pfliig. Arch. ges. Physiol. 224, 702-709. 

Ros, J. H., Ersrat, J. H. & Goupsreny, N. P. (1949). A photometric method for the determina- 
tion of inulin in plasma and urine. J. biol. Chem. 178, 839-845. 


, Ross, G. & Moxorory, R. (1951). Determination of inulin in muscle. J. biol. Chem. 190, 659-663, 


} 

q 

$f 

“a 

a4 
wy 
abe 
ry 
a 
4 
> 
3 

4 

q 

4 

a 

q 

a 

“a 

3 

st 

ex 

— 

— 

q q 

4 

‘nl 

q 4 4 

= 

q 

w 

a 
a 


- 
y 
=, 
| 
SH 
| 
he 


J. Physiol. (1955) 129, 184-203 


THE FUNCTION OF THE ERECTORES SPINAE MUSCLES IN 
CERTAIN MOVEMENTS AND POSTURES IN MAN* 


By W. F. FLOYD ann P. H. S. SILVER» 
From the Departments of Physiology and Anatomy, 
The Middlesex Hospital Medical School, London 
(Received 25 March 1955) 


The erectores spinae muscles are described by topographical anatomists as 
extensors of the trunk. Borelli (1710), Duchenne (1867) and Beevor (1904) 
asserted that they contract when the trunk is flexed from the upright position 
and so act as antagonists to gravity. Weddell, Feinstein & Pattle (1944) stated 
that the lumbar and thoracic sacro-spinalis muscles are easily relaxed with 
‘satisfactory positioning’, but gave no details of postures in which this occurs. 
Akerblom (1948) reported briefly that the electromyogram of the lumbar 
sacro-spinalis muscle, in eight out of twelve subjects sitting in the sunken 
position (i.e. with full flexion of the trunk), showed practically no difference 
from the resting electromyogram. Allen (1948) stated that the erector spinae 
is quiescent when full trunk flexion has been reached from the orthograde 
position. Kelton & Wright (1949) found in two subjects that the erectores 
spinae muscles were electrically silent for long periods of time in the ‘easy 
standing position’. Floyd & Silver (1950, 1951) described the action of the 
erectores spinae during ‘straining’ and in flexion and extension of the trunk. 
The present paper describes the functions of the erectores spinae muscles in 
certain postures and movements and during weight-lifting, as studied in 
150 human subjects by electromyographic, photographic and radiographic 
methods. A preliminary account of this work has been given in brief com- 
munications to the Anatomical and Physiological Societies during 1949-52. 


METHODS 


In most experiments surface electrodes were placed directly over the muscles in the lumbar region. 
Concentric needle electrodes were also used in order to record the activity of the deeper parts of the 
muscles, The action potentials were amplified and recorded with either a 4- or 6-channel Ediswan 


* This paper includes material which formed part of a Ph.D. Thesis of the University of London 
(Silver, 1952). 
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- dome, a flexible wire soldered to the outside of the rim and the electrodes electrolytically coated 


sometimes only 5000-10,000 0. 
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electrodes over the lumbar erectores spinae. When the position of muscle relaxation was reached 
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Both ink-writer and cathode-ray oscillographs were used but we usually preferred the former. 
Although the frequency response of the ink-writer oscillograph is inferior there is no significant loss 


of electromyographic information in our application of the method (Floyd & Silver, 1952). 
(1) Surface electrodes Types of electrode 


Disks of 10 mm diameter were cut from silver foil of 0-4 mm thickness and hammered into 
a dome of diameter 5-6 mm surrounded by a flat rim. A 1 mm hole was bored at the top of the 


with silver chloride. Immediately before use the dome was filled with electrolyte jelly (Cambridge 
Instrument Co.); surplus jelly, and any air trapped in the electrode, escaped through the hole in 
the dome when the electrodes were pressed on the skin. The electrodes were retained in position 
by adhesive strapping. 

The skin was cleaned and rubbed with electrode jelly to reduce inter-electrode resistance and so 
minimize extraneous electrical interference. This resistance was usually less than 20,000 Q and 


_ Siting of electrodes, The electrodes were placed symmetrically in pairs over the most prominent 
parts of the thoraco-lumbar and lumbar erectores spinae muscles. We believe that the action 
potentials recorded under these circumstances came almost entirely from the erectores spinae 
muscles. Other muscles, lying within a short distance of the electrodes, which might possibly be 
the source of action potentials, are: the abdominal muscles, latissimus dorsi, trapezius, serratus 
posterior inferior, the quadratus lumborum, intercostal and psoas muscles; in the upper thoracic 
region, the rhomboids; and in the lower lumbar region, the glutei. 

The problem of extraneous pick-up by the erectores spinae electrodes from these adjacent 
muscles was studied by observation of the action potentials when particular muscles were brought 
into action. In addition, monitor electrodes (surface or concentric needle) were placed on or in 
most of these adjacent muscles in different experiments during the course of this work. By these 
means it was shown that contraction of the abdominal muscles was not recorded by electrodes 
over the erectores spinae muscles. Similarly, trapezius and latissimus dorsi m. did not give rise to 
pick-up provided the arms and shoulders were not actively moved but allowed to hang down 
loosely under gravity. It was considered possible that action potentials might be picked up from 
the psoas muscle despite the intervening, poorly conducting vertebrae. During flexion of one hip, 
in the sitting position, there was no alteration in the action potentials recorded from the erectores 
spinae electrodes, thus ruling out unwanted pick-up from the psoas muscle. 


(2) Needle electrodes 

Concentric needle electrodes were used to study activity in the deeper parts of the erectores 
spinae muscles, As the range of pick-up of the concentric needle electrode is restricted to a few 
millimetres, it is impossible to be quite certain that the whole volume of a muscle as large as the 
erectores spinae is inactive at any moment unless a large number of needle electrodes are used 
simultaneously, This was not practicable in the present experiments. Hence, when we speak of 
the relaxation of the muscle in certain postures, we cannot be sure that there are not a few motor 
units in action; but, if there are, our explorations with a single needle have failed to reveal them. 

The method employed for the exploration of the erectores spinae muscles by needle electrodes 
during full flexion was as follows, The subject performed the flexion movement with surface 


the subject was asked to keep that position. The concentric needle electrode was then inserted, and 
the deeper parts of the muscle were explored for motor unit action potentials, This was not painful 
even when small flexion and extension movements were made about this ‘critical’ position. 
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Recording trunk posture 

The activity of the erectores spinae muscles was correlated with posture, 
tion of the trunk and head. The subjects were photographed and the moment of exposure signalled 
on the electromyographic record. 

The pelvic inclination was measured with the Wiles pelvic inclinometer (Wiles, 1937). This 
measures the angle made with the horizontal plane by the line passing through the posterior 
superior iliac spine and the mid-point of the upper edge of the symphysis pubis. (This measure is 
different from that used by some workers who measure the angle between the horizontal plane and 
the pelvic inlet.) 

Lateral X-ray photographs of the sacrum and lumbar vertebrae were taken in eight normal 
subjects (3 male, 5 female) to correlate the position of the intervertebral joints with the activity 
of the overlying erectores spinae muscles. Owing to the large X-ray dosage absorbed it was only 
possible to take a maximum of four exposures per subject. Surface electrodes were fixed over the 
erectores spinae muscles at the level of L3 on each side. The subject first sat on a chair and flexed 
the trunk until the electromyogram showed that the muscles were just relaxed. The first radio- 
graph was taken in this position, i.e, Fick’s round-back position (Fick, 1911). The subject then 
stood up and bent towards the ground, and another radiograph was taken in the ‘critical’ flexion- 
relaxation position, Radiographs were also taken at the ‘critical’ position during weight-lifting. 

The X-ray tube was used at a distance of 1-5 m and the film exposed for 0-7 sec. With greater 
distances (used to reduce distortion) the subjects were unable to remain still during the long 
exposure required. The distortion introduced by the short tube-distance in these experiments is 
not serious, and is approximately the same for all radiographs. The radiographs were compared by 


superposition of the shadows of the sacrum. The outlines of the superimposed radiographs were 
traced for reproduction in Fig. 9. | 


Normal and clinical material 

The forty-five normal subjects (35 male, 10 female) used for these experiments were in the age 
range 5-42 years; most were medical students in the age range 18-22 years. 

In addition, a series of 105 out-patients was examined, chosen because they all complained of 
back-ache but otherwise unselected. Electromyographic records were made from them in the 
manner described in this paper. The results are discussed below only in so far as they have a direct 


RESULTS 


Easy standing and spontaneous swaying, movements. The subjects wore shoes 
and stood with the heels close together in a spontaneous upright posture, 
looking to the front, with arms hanging loosely and comfortably at the sides. 
In most of the subjects the erectores spinae muscles were found to be slightly 
active, Fig. 1 (a) and photograph 1. In those in whom there was no activity in 
the spontaneously adopted stance, activity could be readily evoked by a small 
forward displacement of the head. Conversely, the activity could always be 
greatly reduced or abolished by means of slight backward movements of the 
hands, shoulders or head, or by swaying backwards from the ankle joint, as 
shown in Fig. 1 (b) and photograph 3. 

The upright stance is not a fixed, rigid position. All subjects showed 
spontaneous variations in trunk muscle activity correlated with the small 
deviations from the position of balance, described by Hellebrandt (1938) as 
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Fig. 1. Erectores spinae in standing upright. Electromyograms from left and right erectores 


spinae m. recorded between L2 and L4 vertebrae. Photographs | and 3 show the posture at. 


the moments indicated by the signal marks in records (a) and (5), respectively. The grid in the 
background, seen in-all the photographs, consists of 1 foot squares, and a plumb line is 
suspended to the left-hand side. Grid-camera distance, 20 ft.; subject-camera distance, 18 ft. 
In record (a) both erectores spinae m. are active. In (b) the muscles have relaxed, and only 
the ¢.c.g. is seen. The backward displacement of the c.g. of the body, due to this swaying 
movement, occurring mainly at the ankle joints, has resulted in relaxation of the erectores 


spinae m. 
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‘movement upon a stationary base’. Fig. 2 shows the intermittent activity in 
the lumbar erectores spinae m. during these spontaneous swaying movements 
in a subject who showed this to a marked extent. When the eyes were closed 
the swaying movements were of greater amplitude and readily demonstrated 
electromyographically. 


Left erector spinae, L 2-3 


Left erector spinae, L 3-4 


Right erector spinae, L 2-3 


Fig. 2. Erectores spinae in standing upright. Electromyograms from the left and right erectores 
spinae m. at the levels of L. 2-3 and L 3-4 vertebrae. Subject standing upright, in a spon- 
taneously adopted posture between those shown in Fig. 1. The record shows fluctuations in 
activity associated with spontaneous swaying movements. Note also the asymmetry between 
left and right sides. 


channel electromyogram of the erector spinae m. and the rectus abdominis m. 
on one side only. After adjustment of the position of the head, both muscles 
were in a state of minimum activity, the trunk being balanced between flexion 
and extension. At signal mark A the subject was told to bend backwards. There 
was a short burst of activity in the erector spinae m., which pulled the trunk 
backward and thereby displaced the centre of gravity of the trunk relative to 
the sacrum. The erector spinae m. now relaxed and extension of the trunk was 
continued by gravity under control of the rectus abdominis m. At. signal 
mark B the subject was asked to bend forwards. The record showed an increase 
of activity in the rectus abdominis m. while the trunk was brought from the 
position of extension to the upright position. The flexion movement of the 
trunk was continued, but the rectus abdominis m. was now relaxed and the 
_ erector spinae m. contracted to control flexion. At signal mark C the subject 
arrested the flexion movement and extended the trunk to — himself back 
again to the upright position. 
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_ stance in which the erectores spinae muscles showed slight activity, as in 
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Lateral flexion of the trunk. In lateral flexion of the trunk, from an upright 


Fig. 1 (a), the activity of the contralateral erector spinae m. was increased and 
that of the ipsilateral muscle decreased. From the upright position of Fig. 1 (b) 
and photograph 3, lateral flexion resulted in activity of the contralateral 
erector spinae only. The erectores spinae m. on both sides. remained inactive 
during lateral flexion of the trunk from an upright position with full trunk 
extension. 


Rectus abdominis ! ] 200pv 


Erector spinae : 
Control Leaning backwards Leaning forwards 
Fig. 3. Leaning backwards and forwards. Electromyograms from the rectus abdominis and erector 
spinae m., between L2 and L4, on the same side, recorded during flexion and extension of the 
trunk. Full description in text. 2 ; 


A weight held in one hand was equivalent to lateral flexion of the trunk in 
its effect on the erectores spinae: the contralateral muscle contracted. During 
unilateral weight holding, the activity of the contralateral erector spinae 
could be considerably reduced by lateral flexion of the trunk away from the 
side on which the weight was held. With an equal weight in each hand there 
was no asymmetry of erectores spinae action, and usually very little increase in 
activity over the resting, unloaded condition except when the subject stood 
with a pronounced stoop. 

Straining and coughing. In straining there is simultaneous action of the 
erectores spinae and the external obliques with some involvement of the recti 
abdominis (Floyd & Silver, 1950). A similar pattern of activity was observed .- 
in coughing, singing and talking, in the upright stance. These are all activities 
in which the intra-abdominal pressure is raised and a forcible expiration made. 
Simultaneous contraction of these trunk muscles during straining and coughing 
was also found in other postures, e.g. in trunk flexion. Even in the position of 
full flexion when the erectores spinae m. were relaxed (see below) they con- 
tracted during the act of coughing, without visible change of the degree of 
trunk flexion. 
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Pelwic inclination. The normal pelvic inclination is about 30°, and this can 
be altered voluntarily within a range from about 20 to 40°. When the inclina- 
tion was voluntarily increased there was an increase in erectores spinae m. 
activity, and, when decreased, a decrease in activity. 

_ Full flexion. Fig. 3 shows that the erectores spinae m. contracted to bounitrol 
flexion of the trunk from the upright position. With increasing flexion the 
activity of the erectores spinae m. increased, so counteracting the increased 
gravitational moment of the head and trunk about the lumbar joints. Sur- 
prisingly, however, erectores spinae activity was suddenly reduced when the 
trunk reached full flexion (Fig. 4). ) 

.. The subject started from the upright position of Fig. 1 (a) and bent forward 
to touch the ground. In record (a) of Fig. 4 the head was bent forward, the 
arms were hanging loosely down and flexion had occurred, principally at the 
hip joint. The lumbar lordosis was still visible. In record (6) the hands were 
3 in. nearer the ground, some trunk flexion had occurred and the lumbar 
lordosis had practically disappeared. In (a) and (6) there was slight flexion at 
the knees. The electromyograms both showed considerable and continuous 
activity in the erectores spinae muscles. In record (c) the hands were a further 
6 in. nearer to the ground and trunk flexion was greater. The activity of the 
erectores spinae m. had ceased, and only the e.c.g. complex disturbed the base- 
line. The erectores spinae m. remained inactive even with further bending 
brought about by increased hip flexion. In record (d) the subject had already 
begun to raise himself; and records (e) and (f) show further stages in the up- 
ward movement. In (d) the erectores spinae m. were still inactive, but in (e) 
the muscles were contracting, and in (/) contracting more vigorously. They 
continued to do so until the subject regained the upright posture. 

_ _Inthis experiment the position in which the activity of the erectores spinae m. 
ceased during the flexion movement lay between the two positions (b) and (c). 
During the extension movement activity recommenced between positions 
(d) and (e). Both (d) and (e) lay between (b).and (c), moreover both (d) and (e) 
were themselves close together. Hence the critical position for erectores 
spinae relaxation in the flexion movement approximated closely to the 
critical position for onset of erectores spinae m. action in the extension 
movement. 

Anatomically, the erectores spinae anion play no part in controlling hip 
flexion, and hence the relaxation of the erectores spinae m. observed in the 
flexion movement should be independent of hip flexion. This can be seen in 
Fig. 5. In record (a) the subject was standing in the fully flexed position with 
erectores spinae relaxed. Without alteration of the angle of flexion at the 
hip, the subject extended the trunk and the erectores spinae m. contracted 
vigorously, record (6). This is further illustrated in the sitting posture and will 
be referred to again. 
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Left erector spinae, L 2-3 


Left erector spinae, L 3-4 
Right erector spinae, L 2-3 [2s0,v [rosy ‘ 


Right erector spinae, L 3-4 | 
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| | Left erector spinae, L 2-3 


Left erector spinae, L 3-4. 


Right erector spinae, L 2-3 


Right erector spinae, L 3-41 


er 


= 


Fig. 4. Erectores spinae in trunk flexion. The figure shows six extracts from continuous —T 
myograms of the left and right erectores spinae m. at levels L 2-3 and L six 
graphs record the posture of the subject at the times indicated by the _ _ > ; 
subject is bending down to the ground, as if to touch his toes, and returning uprigh 


position. Full description in text. 
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Left erector spinae, L 2-3 


[1s pv 
Left erector spinae, L 3-4 
t 
Right erector spinae, L 2-3 : 
Right erector spinae, L 3-4 
| n 
e: 
d 
tl 
Fig. 5. ‘Flexion-relaxation” of erectores spinae. Electromyograms from left and right erectores W 
spine m. at levels L 2-3 and L 3-4, with corresponding photographs. In (a) the subject is tl 
bending down in the fully flexed position. The erectores spinae m, are relaxed. In (b), without of 
alteration of the angle of flexion of the hip, the subject voluntarily extended the trunk by 
contracting the erectores spinae m. See text. 
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Needle electrode recording. Fig. 6 shows four cathode-ray oscillograms of 
erector spinae m. activity taken from a subject in the standing position with 
the trunk bent forward in full flexion. In this experiment concentric needle 
electrodes were introduced to explore the muscle at different depths. The four 
records were taken at depths of 1, 2, 3 and 4 cm below the skin at a level mid- 
way between the spines of the 3rd and 4th lumbar vertebrae. During the 
exploration of the greatest depths the needle was only a few millimetres away 
from either the lamina or the ligamentum flavum. The subject allowed the trunk 
to bend forwards in the manner already described and the action potential 
discharge ceased. This relaxation was observed at all depths in the muscle. 
Simultaneous recordings obtained with surface and concentric needle elec- 
trodes showed that the relaxation occurred throughout the muscle. 


t—100 msec 


Fig. 6. ‘Flexion-relaxation’ of erectores spinae. Electromyograms of the erector spinae m. recorded 
with concentric needle electrodes at depths of 1, 2, 3 and 4 cm at the level L3. ‘Flexion- 
relaxation’ was found at all depths in the muscle. 


Psoas major. The attachment of the psoas major m. to the front of the 
_ transverse processes and adjacent surfaces of the bodies of the lumbar verte- 
brae, behind the centre of the intervertebral disc, suggested that the muscle 
might extend the lumbar intervertebral joints, and hence that the psoas might 
‘take over’ from the erectores spinae m. in the position of full flexion. A single 
experiment was performed to test this hypothesis. A long needle was intro- 
duced into the belly of the psoas m. at the level of L3 by the technique used in 
the infiltration of the lumbar sympathetic chain. Motor unit action potentials 
were observed both in the upright position and when the hip was flexed, but 
these disappeared in the movement of bending down to the ground once flexion 
of the hip joint had been initiated, and there was no activity while the erectores 
Spinae were relaxed (Silver, 1952). 

Weight lifting in full flexion. Fig. 7 shows two extracts from an electro- 
myogram recorded while the subject bent to the ground, grasped a 28 lb. 


weight and lifted it. During the flexion movement the erectores spinae relaxed 
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as previously described, and remained relaxed during the grasping and initial 
lifting of the weight as shown in Fig. 7 (a), When the weight was lifted an inch 
higher than in (a) the erectores spinae became vigorously active as shown in 
record (b) and the accompanying photograph. This activity continued with 
diminishing intensity until the upright position was reached. Thus the pattern 
of activity was similar to that found in flexion and extension without added 


weight. 


A common variant of the pattern of activity with weight lifting is shown in 
Fig. 8. There was a burst of activity in the erectores spinae just as the weight 
was lifted off the ground. It lasted for a second or two. The activity then 
subsided, and a few seconds later the erectores spinae m. contracted vigorously 
and continued to doso until the subject once more reached the upright position. 
The burst of activity which coincided with the initial lifting movement was 
associated with the grunting or straining effort which many subjects made at 
the beginning of these lifting movements. 


Sitting. In sitting upright in a chair without use of the back-rest the activity 


in the erectores spinae m. usually slightly exceeded that recorded when the 
subject was standing upright. Despite careful adjustment of the head and 


- shoulders, some activity usually persisted until a position was reached which 


was unstable with the subject about to fall backwards. 

In the photograph of Fig. 9 (6) the shoulders have been braced back, but 
activity persisted in the erectores spinae. When the subject allowed the trunk 
to flex fully, as shown in Fig. 9 (a), the erectores spinae m. relaxed. 

The slumped position in sitting is reached from the upright position by 
simultaneous flexion of the vertebral column and eztension of the hip joint. 
Hence the relaxation of the erectores spinae m. occurred in trunk flexion in the 
standing position with concurrent flexion of the hip joint, and in the sitting 
position with simultaneous extension of the hip joint. These observations 
reinforce the point made earlier that relaxation of the erectores spinae muscles 
is related to the degree of flexion of the vertebral column but is independent 
of flexion of the hip joint. 

Radiography of vertebral column in ‘flexion-relaxation’ position. In all of the 
eight subjects examined radiographically, the degree of flexion of the vertebral 
column in the standing position was greater than the degree of flexion in the 
sitting position at the point when ‘flexion-relaxation’ occurred, as judged 
electromyographically. This is a statistically significant result, since the 
differences would all be in the same direction by chance only once in 2’ (= 128) 
times. | 

Fig. 10 shows the lateral X-ray appearance of the sacrum and lumbar 
vertebrae of two of the eight subjects. Subject A (male) showed the smallest 
difference of the series. Subject B (female) showed the greatest difference. No 
attempt has been made to express these differences quantitatively in terms of 
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Fig. 7. Weight lifting. Electromyograms of erectores spinae m. on left and right sides, at levels 


FUNCTION OF ERECTORES SPINAE IN MAN 195 


¥ Ww ¥ 


Left erector spinae, L 2-3 


Left erector spinae, L 3-4 


v v 
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Right erector spinae, L 3-4. 


L2-3 and L 3-4, with corresponding photographs. The subject lifted naturally a 28 lb. 
weight from the ground, without contraction of the erectores spinae Mm. until the ie 
reached a position intermediate between those shown in the two photographs. The ini 

lifting movement was brought about by extension of the hip joints (not illustrated electro- 


myographically). 
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the angles between the upper surface of the sacrum and the lower border of 
L1, because the precision of the method does not justify it. 

Clinical studies. Table 1 summarizes the electromyographic findings on the 
forty-five normal subjects together with the 105 patients. All subjects, normal 
and pathological, could be placed into one of three groups. One hundred and 
sixteen persons (including the forty-five normal subjects) showed the pheno- 
menon of ‘flexion-relaxation’ in both standing and sitting positions (group 1). 
Of the remaining thirty-four, fifteen showed ‘flexion-relaxation’ sitting in the 
slumped position but failed to show it in flexion from the standing position 
(group II), and the remaining nineteen showed no relaxation in sitting or 


standing (group III). Patients originally in group III progressed through 


group II to group I on full recovery (see discussion). 


Left erect | | 
tor spin [250 


Right erec 


Lift 1 sec 
Fig. 8. Erectores spinae activity in weight lifting. Electromyograms from the erectores spinae m. 
on left and right sides, showing a common variant in the pattern of activity during weight 
lifting. Full description in text. | 


Effect of erector spinae m. injury. When the erector spinae m. is injured, as by 
unaccustomed muscular exertion, there is pain and stiffness in the muscle 
which is aggravated whenever the muscle contracts, e.g. when bending to the 
ground, due probably to tearing of the interstitial skeleton (Hill, 1952). If the 
patient could bend through the painful position into the position of full flexion, 
the muscle relaxed and the pain lessened, although it did not always dis- 
appear altogether. 

DISCUSSION 

‘Flexion-relaxation’ of the erectores spinae m. The electromyogram can be 
_ interpreted quantitatively as a function of muscle tension (Haas, 1926; 
Hoefer & Putnam, 1939; Seyffarth, 1941; Lippold, 1952; Bigland & Lippold, 
1954). Coarser gradations of muscle action can readily be judged by eye from 
the electromyogram (Floyd & Silver, 1950). In this way the electrical activity 
of the erectores spinae m. in the upright position can be compared with the 
activity during trunk flexion and in ‘flexion-relaxation’ in the same subject. 
From Figs. 3 and 4 it is seen that the activity was markedly increased during 
flexion from the upright position up to the point of onset of ‘flexion-relaxation ’. 
From Figs. 4c, d, 5a, 6, 7a and 8 it is seen that the activity in the ‘flexion- 
relaxation’ position (including weight-lifting) is less than that in the upright 
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Left erector spinae, L 2-3 
f Left erector spinae, L 3-4 


Right erector spinae, L 2-3 


Right erector spinae, L 3-4 


1 sec 
q 
Fig. 9. ‘Flexion-relaxation’ of erectores spinae in sitting. Electromyograms of the ereotares spinae “4 
om. at levels L 2-3 and L 3-4. In (a) the subject is sitting in the ‘slumped’ position, the 
vertebral column is fully flexed, and the erectores spinae m. are relaxed. In (6), when the 
subject sits upright, considerable activity is recorded. 
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position of Fig. la and is less than occurs in the correction of the small 
swaying movements shown in Fig. 2. These comparisons are particularly 
striking because the gravitational moment of the upper part of the body about 


Broken line = full flexion, sitting 
Full line = full flexion, standing 
Fig. 10. Superimposed lateral X-ray photographs of the sacrum and lumbar vertebrae in the 
critical position of ‘flexion-relaxation’ in standing (full line) and sitting in the ‘slumped’ 
position (broken line) in two subjects. In the critical ‘flexion-relaxation’ position, a greater 
degree of flexion of the vertebral column occurred in standing than in sitting. 
TaB.E 1. ‘Flexion-relaxation’ in normal subjects and in patients complaining of back-ache 
Group I Group II Group III 


a Patients complaining of back 71 15 19 
Total 116 15 19 


Group I showed ‘flexion-relaxation’ in both sitting and standing positions (i.e. the normal 


). 
GroupIT showed ‘flexion-relaxation’ in sitting but not in trunk flexion from the standing position. 
Group III showed no relaxation in trunk flexion. 


the lumbar sacral articulation is greatest in the ‘flexion-relaxation’ position 
of Fig. 4, photographs 8 and 10, and least in the upright position, the ratio 
being possibly more than tenfold. 


We found no evidence in our experiments to suggest that other muscles take 
over when the erectores spinae relax. The posterior part of the external oblique, 


‘ 
| 
Fa 
4 
4 
4 
3 Subject A } 
- Subject B 
~ 
} Height 5 ft. Zin. 
3 
( 
4 


however, was negative on this point. It must be concluded therefore that, in 


_ takes place throughout the muscles including the deepest parts. Anatomical 


_ For example, a patient with advanced ankylosing spondylitis showed relaxa- 


osteotomy was performed a few days after electromyography, and, at opera- 


determine experimentally. Curve Z in the figure represents the probable 
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the quadratus lumborum and psoas muscles certainly do not become more 
active, and exploration of the deepest parts of the erectores spinae muscles in 
the thoraco-lumbar region by needle electrodes revealed no activity in the 
‘flexion-relaxation’ position. Moreover, the mechanical advantage of these 
other muscles as possible extensors of the vertebral column is much less than 
that of the erectores spinae m., hence, if they should take over when the 
erectores spinae m. relax, they would be expected to contract vigorously and 
so facilitate electromyographic recording. All the electromyographic evidence, 


full flexion-of the trunk, when the erectores spinae m. relax, the relaxation 


considerations suggest that the intervertebral ligaments, mechanically in 
parallel with the erectores spinae m., are the structures most likely to sustain 
the gravitational moment in the ‘flexion-relaxation’ position. 

Lengthening reaction. In certain patients we found practically no movement 
of the intervertebral joints, although erectores spinae m. relaxation occurred 
on bending forward (achieved by hip flexion). Hence there was little or no 
lengthening of the erectores spinae muscle fibres during the movement, com- 
pared with the considerable lengthening which takes place in a normal subject. 


4 


tion with practically no movement in the lumbar intervertebral joints. Lumbar 


tion, only the slightest flexion movement of the vertebral column was found 
to be possible. Normal relaxation was seen also in patients after spimal fusion. 
These observations suggest that the mechanism of erectores spinae m. relaxa- 
tion in trunk flexion cannot necessarily involve a muscle lengthening reaction. 

Transfer of tension from muscle to ligament during trunk flexion. The radio- 
logical evidence shows that, during flexion of the trunk, the points of attachment 
of the erectores spinae muscles and of the intervertebral ligaments are drawn 
apart. This has two consequences: (1) the muscle fibres lengthen, while exerting 
tension, and hence do negative work (Floyd, 1952), and (2) the tension in the 
ligaments increases. 

The instantaneous state of the mgunles can be represented by a re on 
their length/tension diagram (Fig. 11, curve Mp). There will be a corresponding 
length/tension curve for the ligaments but its shape is unknown and difficult to 


« 


length/tension diagram of the ligaments and the relaxed muscles combined, 
regarded as a single element. 
- Curve F is the curve of total force necessary to counteract the gravitational 
moment at different degrees of vertebral column flexion from a given posture. 
It is one of a family of curves, each representing a different initial posture and 
other conditions, ¢.g. hip flexion or added load. 
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Curves ZL and F are shown as crossing over at the point P. The existence of 
such a cross-over point, within the range in which the muscle still exerts force, 


is necessary to explain the phenomenon of erectores spinae relaxation in trunk 


flexion. As long as the total force F is greater than the ligament plus relaxed 
muscle tension L, muscle action is required to maintain posture. When trunk 
flexion is increased so that the tension in the ligaments plus relaxed muscle is, by 
itself, sufficient to sustain the gravitational moment, muscle activity becomes 
unnecessary and relaxation must occur, otherwise extension of the trunk must 
commence. 


Mp 


Tension 


—————> Length (degree of flexion) 


Fig. 11. Hypothetical length/tension diagrams for erectores spinae muscles and posterior ligaments 
of the vertebral column. M, is the length/tension diagram of the relaxed muscle and Mp that 
of the maximally active muscle, L is the corresponding diagram for all the ligaments and the 

_ relaxed muscles taken together. Curve F is a typical curve of total force necessary to counter- 
act the gravitational moment at different degrees of vertebral column flexion. P is the point 
where the ligament plus relaxed muscle tension curve L crosses the force curve F, i.e. the 
probable relaxation point for the erectores spinae m. (see text), 


The difference between the ordinates of the two curves F and L in Fig. 11, 
for any given degree of trunk flexion, is the measure of the muscle tension 
required to. maintain that degree of flexion as a static posture. The abrupt 
manner of onset of erectores spinae m. relaxation seen in the electromyograms 
suggests that these two curves meet to form a ‘kurtotic beak’ of the general 
shape shown in the figure. 

Present knowledge does not enable us to decide whether the relaxation is 
brought about reflexly by an involuntary automatic adjustment of muscle 
action, or whether it might be more properly described as ‘voluntary relaxa- 
tion’. In both cases it is probable that reflexes involving muscle spindles and 
the small motor nerve fibre system play some part. A reflex inhibitory 
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mechanism triggered off by tension in the intervertebral ligaments was tenta- 
tively suggested by us to explain ‘flexion-relaxation’ (Floyd & Silver, 1951), but 
could not be confirmed by experiments in the monkey (Silver, 1952). Although 
there is therefore no direct evidence to support this hypothesis, there is some 

indirect support for it from the work of Boyd & Roberts (1953) on the stretch 
receptors in the knee-joint ligaments of the cat. 

Flexion, sitteng and standing. The difference between the degrees of vertebral 
column flexion at which relaxation occurred in the sitting and standing postures 
can be explained as follows. In sitting, in the slumped position, the trunk is 
mainly upright, although the vertebral column is flexed. The moment of the 
trunk, head and arms about the lumbar sacral articulation will be small. 
A relatively small force will be sufficient therefore to counterbalance this 
moment. Hence a small degree of flexion of the joints will produce sufficient 
tension in the ligaments for ‘flexion-relaxation’ to occur. In bending forward 
from the standing position, however, the moment will be much greater. Thus, 
greater tension in the ligaments will be required to counterbalance this 
moment in the absence of muscle action. Therefore the intervertebral joints 
will be more flexed when ‘flexion-relaxation’ occurs in this posture. 

Rupture of the annulus fibrosus. It is therefore reasonable to suppose that 
the intervertebral ligaments play the dominant role in the maintenance of 
stability of the fully flexed vertebral column. In this position the ligaments 
are under considerable tension (Bradford & Spurling, 1945) shared between the 
ligamenta flava and the other less elastic ligaments such as the supraspinous 
and interspinous ligaments and, of especial interest, the posterior part of the 
annulus fibrosus. This probably accounts for the frequent injuries to the back, 
including rupture of the annulus fibrosus, which occur when the trunk is flexed 
(Middleton & Teacher, 1911; Bradford & Spurling, 1945; Friberg & Hirsch, 
1949; Lancet, 1951). A sudden increased strain, in lifting a weight or 
extending the hip joint, may result in the rupture of one of these ligaments. 

Our records show that the initial extension movement in weight lifting 
usually takes place at the hip joints, and that the erectores spinae m. remain 
relaxed or almost so, thereby placing the load on the ligaments. Heavy weights 
should, therefore, be lifted by some other method, e.g. with knees and hips 
flexed and the trunk as upright as possible, a position in which the load is 
shared by the erectores spinae m., and therefore one which avoids development 
of excessive tension in the inelastic intervertebral ligaments. The ability of 
the intervertebral ligaments to maintain posture, desirable though it may be 
in saving the activity of the extensor muscles, incurs its own penalties, since 
these ligaments seem to be injured more frequently than other ligaments in 
the body including the ligaments of the knee joint. 

The findings in patients are consistent with the view that, when the inter- 
vertebral ligaments have suffered only a minor degree of injury, the tension 
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required to maintain trunk posture in the slumped sitting position can be 
sustained by the ligaments without pain and further injury. When, however, 
the strain on the ligaments is increased, by flexion from the standing position, 
the injured ligaments are unable to sustain the increased tension without pain 
and further injury; consequently the erectores spinae m. contract vigorously 
throughout the flexion movement. This interpretation is supported by our 
observations on patients, originally in group III, who progressed through 
group II to group I on full recovery (see Table 1). 


SUMMARY 


1. The action of the erectores spinae m. in the lumbar region was studied in 
150 human subjects by electromyographic techniques with surface and con- 
centric needle electrodes. Posture was recorded by photography, by measure- 
ment of the pelvic inclination and by radiography of the lumbar vertebrae and 
sacrum. 

2. Most subj ects showed a low level of discharge in the erectores spinae m. in 
the upright position. Small adjustments of the position of head, shoulders or 
hands could be made so as to reduce this resting discharge to a minimum or zero. 

3. From the upright position, extension of the trunk is usually initiated by 
a short burst of erectores spinae m. activity and controlled by the rectus 
abdominis m. Flexion of the trunk from the position of extension is initiated 
by a burst of activity in the rectus abdominis m. and then controlled by the 
erectores spinae m. 

4. In the upright position the contralateral erector spinae m. contracts in 
lateral flexion of the trunk except when the initial position is one of extension, 
when the erectores spinae m. are relaxed throughout the movement. 

5. The erectores spinae m. contract synergically in straining and coughing, 
whatever the posture of the trunk. 

6. In full trunk flexion the erectores spinae m. relax completely (‘flexion- 
relaxation’ of the muscle). ‘Flexion-relaxation’ occurred in 116 out of 150 
subjects. Of the remaining 34, various pathological conditions prevented 

7. ‘Flexion-relaxation’ also occurs in agin lifting with the trunk fully 
flexed. 

8. The mechanics of trunk flexion and ‘flexion-relaxation’ are discussed. 
With increasing flexion there is increase of tension in the intervertebral 
ligaments until the flexed trunk is supported by the ligaments, at which point 
the erectores spinae m. relax. The mechanism by which the relaxation 1s 
achieved is unknown. It is not a muscle lengthening reaction nor a reflex 
inhibition from intervertebral ligaments. 

9, These findings explain the observation that rupture of the annulus 
fibrosus and other intervertebral ligaments commonly occurs in trunk flexion. 
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THE ROLE OF HISTAMINE IN CUTANEOUS ANTIGEN- 
ANTIBODY REACTIONS IN THE RAT 


By W. E. BROCKLEHURST, J. H. HUMPHREY ann W. L. M. PERRY 
From the National Institute for Medical Research, Mill Hill, London 


(Received 30 September 1954) 


It is generally accepted that local cutaneous anaphylactic reactions in man 
are the result of histamine released in the skin as a result of antigen-antibody 
combination in the tissues. The position in the laboratory animal is more 
complex. There are few, if any, naturally occurring cutaneous anaphylactic re- 
actions, and studies are therefore restricted toexperimentally induced anaphy]l- 
actic reactions. These are of two main types, both being defined asa result of an 
antigen-antibody union. The first type of response is characterized by increased 
capillary permeability, and can be mimicked by the intradermal injection of 
histamine. A typical example of this type of response is passive cutaneous 
anaphylaxis (p.c.a.) which has been produced in the guinea-pig (Ramsdell, 
- 1928; Ovary & Bier, 1953) and in the rat (Ovary & Bier, 1952), and which, 
according to Ovary (1952) is blocked by mepyramine. The second type of re- 
sponse is characterized by infiltration of the skin with polymorphs and mono- 
nuclear cells with considerable accompanying cellular damage (Humphrey, 
1955). Two different responses of this type are the tuberculin and Arthus 
reactions, which are not satisfactorily mimicked by the injection of histamine 
and are resistant to block by antihistamine substances. 

Of these distinct types of experimental anaphylaxis in the skin, only one 
was therefore thought to depend upon histamine release; and the recent 
introduction of histamine liberators (MacIntosh & Paton, 1949) seemed to 
offer another method of studying this presumptive function of histamine. 

-The normal histamine content of the skin varies considerably in different 
. animal species, being about 30ug/g in the rat and only about 3yg/g in the 
guinea-pig; yet the guinea-pig skin is much more reactive than the rat skin, in 
that experimental reactions are much easier to produce; this has been de- 
cisively demonstrated for P.c.a. by Ovary (1952). Feldberg & Talesnik (1953) 
were able to deplete rat skin of nearly 90% of its histamine content by treat- 


ment, either systemically or locally, with compound 48/80, one of the most 
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potent histamine liberators (Paton, 1951); the histamine in the guinea-pig skin, 
however, is extremely resistant to liberation by these compounds (Perry, 
unpublished). Because of these apparent anomalies it was highly desirable 
that any comparison of the two types of cutaneous anaphylactic reaction 
should be carried out in parallel in the same animal species; and the species of 
choice was the rat, owing to the ease with which the skin histamine can be 
depleted. 

The Arthus reaction, unlike the tuberculin type of reaction, can be elicited 
by passive sensitization with serum (Benacerraf & Kabat, 1950) and was thus 
more convenient for study. Ovary & Bier (1952) used rabbit antibodies to 
produce a ‘reversed’ p.c.a. reaction and a ‘reversed’ passive Arthus reaction 
in rat skin, and our methods were based on their work. 

The reversed passive type of reaction in which antibody is given intra- 
dermally in graded doses and antigen is administered intravenously, has advan- 
tages in this type of work over the direct type of reaction, in that the dose of 
antibody can be accurately graded and the lesions are readily measured. Thus 
a quantitative assessment of the response is possible without the complication 
of variation in antibody response which is inevitable when active immunization 
methods are used. This is particularly true in the rat, which is a poor producer 
of antibody. Furthermore, in the reversed passive type of reaction the animals 
are being exposed to the antigen for the first time, onus avoiding possible 
interfering mechanisms. 

In this paper we describe the development of quantitative methods, based 
on measurement of lesion diameters, of evaluating P.c.a. and Arthus reactions 
in the rat, and the effects on these reactions of antihistamine compounds and 
of depletion of the skin histamine. 


METHODS 
Animals 

Hooded black and white rats (N.I.M.R. strain), of both sexes and weighing between 100 and 120 g 
were used. At this weight range animals are about 7 weeks old and the skin histamine content has 
passed its maximum level (Hardwick, 1954), is of the order of 25 g/g, and is still falling. Thus 
3 weeks later the normal skin histamine {10 weeks) is about 18yg/g (Hardwick, 1954), and our 
own results on normal control animals of each age group are in fair agreement with those of 
Hardwick, who used albino rats. 

The abdominal skin was clipped and depilated with barium sulphide paste 24 hr before intra- 
dermal injections were made. 

Depletion of skin histamine 

In early experiments a 0-1 % solution of compound 48/80 in physiological saline was given in a 
course of 1.P. injections similar to that used by Feldberg & Talesnik (1953). A typical dosage 
scheme was 100, 140, 180, 250, 320, 400, 500 and 600yug/100 g on successive days. On one occasion 
we continued the course for a further 7 days, increasing the dose as far as 800 ug/100 g; in other ex- 
periments two injections were given daily. Neither of these modifications significantly increased 
the depletion of the skin histamine. In some experiments the course was shortened in order to 
obtain partial depletion of the skin histamine. 
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Other attempts were made to reduce the skin histamine even further. 
(a) The skin area to be tested was infiltrated with 48/80 mixed with testicular hyaluronidase 
(0-05 mg/ml, * Rondase’, Evans Medical Supplies), to facilitate even spreading and distribution of 


the dose. Up to four such injections were given at 2-day intervals. 


(b) Octylamine (Light and Co.) converted to the hydrochloride was used as a histamine liberator 
(Mongar & Schild, 1953). A typical course of octylamine was 100, 300 and 1000yg/100 g s.c. in a 
volume of 2 ml. on alternate days. 

(c) Combined courses of 48/80 and octylamine were given. The dose ranges used were the same 
as those given in the separate courses. 

(4) The histamine liberators were rubbed lightly over the skin area to be tested. - 48/80 sid 
octylamine were used separately and together, dissolved in 80% acetone to facilitate drying and 
penetration. | 

_(e) We thought it possible that in skin already depleted by a histamine liberator a cutaneous 
anaphylactic reaction might itself produce further depletion. To test this we elicited a large P.c.a. 
response in depleted skin, using a pneumococcus antigen-antibody system. Two days later, we 
tested the skin at the same site, both by producing a P.c.a. reaction with an ovalbumin _— 
antibody system and by estimating the skin histamine content. 


Attica reactions were produced by the reversed passive method destribed by Ovary & Bier 
(1952), Graded doses of the antibody were injected intradermally on the abdomen of the rat in 
volumes of 0-05 ml. and immediately thereafter excess of antigen was given intravenously in a 
volume of 0-5 ml. The doses of antibody normally used were 40-160 yg. Antigen was given in a 
total dose of 2-10 mg. The animals were killed 4 hr later and the mean diameters of the areas of 
oedema and haemorrhage at the sites of the antibody injections were measured on the under- 
surface after reflecting the abdominal skin. The antigen usually used was ovalbumin, five times 
recrystallized by the method of Kekwick & Cannan (1936). The antibody was whole rabbit serum 
containing specifically precipitable anti-ovalbumin prepared by the Freund adjuvant technique 
(Freund & McDermott, 1942) or by other methods. In a few experiments, specifically noted in the 
text, we used as antigen pneumococcus type III polysaccharide with rabbit y-globulin of which 
80% was specifically precipitable anti-pneumococcus antibody, Fig. la shows the type of 
response that is obtained, and illustrates how a graded response to doses of antibody in the 
ratio 1:2:4:8 is obtained. 


Passive cutaneous anaphylaxis 

P.C.A, reactions were produced by the ‘reversed’ technique described by Ovary & Bier (1952). 
We used the same antigen-antibody systems as described for the Arthus reaction. Graded doses of 
the antibody were injected intradermally into the abdominal skin of the rat, in volumes of 0-05 ml. 
Three and a half hours later, excess antigen (3 mg) was given intravenously in a volume of 0-5 ml. of 
a 15% solution of Pontamine Blue 6 BX (George Gurr and Sons, London) in physiological saline. 
The doses of antibody were 10-80g. The animals were killed 25 min after the injection of antigen 
and the mean diameters of the areas of blueing measured on the undersurface after reflecting the 
abdominal skin. 

In two experiments almost pure anti-pneumococcus antibody gave P.c.. responses which did 
not appear to differ in any way from those seen with cruder antibody ; this indicates that the reac- 
tion depends only on the antibody content of the serum, even when crude preparations are used. 

The optimal time for reading the lesions after the injection of antibody was found to be 20- 
30 min, Before this the responses were more variable, and after half an hour they became more 
diffuse and the edges were consequently difficult to determine. The interval between the injection 
of antigen and the injection of antibody was fixed at 3} hr. If the interval is as short as 10 min 
there is a well-developed non-specific reaction which occurs also if serum containing no antibody is 


used. This non-specific reaction has almost disappeared if the interval is lengthened to 30 min, 
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The specific P.c.a. response, which is obtained only with the appropriate antigen, becomes well- 
graded to the dose of antibody with intervals of 2 hr or more, but is too diffuse for easy measure. 
ment if the interval is 5 hr or longer. Typical graded responses are shown in Fig, 15. 


The procedures used in producing both Arthus and P.c.a. reactions are summarized in 
Table 1. 


Fig. 1. (a) Reversed passive Arthus reactions in normal rat skin, showing graded responses to doses 
of antibody (ug) given in pattern — 
25 50 
200 | 100 


(6) Reversed passive cutaneous anaphylactic (P.0.4.) reactions in normal rat skin showing 
similar grading. Doses of antibody (ug) given tn pattern 


10 20 
80 40 
Two reactions to intradermal injections of histamine (ug) are also shown in the right on 
pattern 
0-07 


Taste 1. Summary of methods of production of reversed P.c.a. and reversed passive 
Arthus reactions.in rat skin 


Amount (ug) Interval Amount (mg) Interval 
of antibody before of antigen __ before 


Reaction (1.D.) antigen (1.¥.) reading Lesion (diameter measured) 
Arthus 40-160 Nil 2-10 4 br Haemorrhage and oedema 
P.C.A. 10-80 34 hr 2-10 25min Blueing due to increased 

capillary permeability 


Estimation of histamine content of skin 
Samples of the abdominal skin were taken in all experiments from sites adjacent to those used 
for the cutaneous anaphylactic reactions and their histamine content estimated. Histamine was 
extracted by a modification of the method used by Feldberg & Talesnik (1953). The skin samp!c 
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' histamine base/g tissue. The usual control experiments were carried out to exclude from the assay 


_may, in some cases, be slightly overestimated, but this does not materially affect the arguments 
put forward in this paper. 


_ was enough to alter markedly the anaphylactic responses, Both responses are dependent to a large 
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(about 200 mg) was cleaned of subcutaneous tissue, weighed and immediately boiled for a few 
moments in 2 ml. of n/3-HCl. It was then ground with sand and boiled for a further 3 min. The 
pH was adjusted to 7-4 with n/3-NaOH, the suspension filtered and the filtrate made up to 10 ml. 
with Tyrode solution. 

The extracts were assayed on the atropinized guinea-pig ileum, and the results expressed in pg 


substances other than histamine which cause contraction of the gut. In depleted skins the content 
of histamine was so low that part of the contraction was in fact due to such substances; and it was 
not possible wholly to eliminate these effects by dilution of the extract, since this reduced the hista- 
mine level below the limit of sensitivity of the ileum. 

Taking larger skin samples incurred the risk of using skin from areas known to have different 
histamine contents (Feldberg & Miles, 1953). Thus the histamine contents of the depleted skins 


Design of experiments 

In all experiments on cutaneous anaphylactic reactions, animals were randomly assigned to the 
different treatment groups; and the doses of antibody and of drugs injected intradermally were 
given in a random pattern over the skin area tested. In early experiments treatment groups were 
housed in separate cages, but this introduced a systematic error in several cases, since if, for in- 
stance, one cage were kept at a temperature slightly higher than another, e.g. in the sunlight, this 


extent on the skin blood flow and a small increase therein may well enhance them. At even higher 
temperatures, the skin blood flow may become so great as to diminish the responses, owing pre- 
sumably to a washing out of the antibody. In all the experiments quoted, we therefore assigned 
animals to cages at random and in equal numbers from each of the treatment groups. Furthermore, 
it was found to be necessary to control the environmental conditions as closely as possible in 
order to minimize the variance of the responses between animals, This error variance was also 
greatly reduced with increasing technical skill, especially in the 1.v. injection process, since handling 
of the animals more than is absolutely necessary always reduces the responses, presumably due to 
vasoconstriction of skin vessels induced by liberated adrenaline. 

The lesions were measured by an operator who was unaware of the treatment group to which 
any particular animal belonged. 


RESULTS 

The depletion of the histamine content of the skin of the rat 
Feldberg & Talesnik (1953) found that even prolonged courses of intra- 
peritoneal injections of 48/80 failed to reduce the content of histamine of the 
abdominal skin of the rat below about 12% of its normal value. We have 
confirmed this finding, using doses of 48/80 by intraperitoneal injection some- 
what smaller than those given by Feldberg & Talesnik. In our hands, initial 
doses in excess of 110yg/100 g rat were frequently lethal, whereas Feldberg & 
Talesnik were able to give rats of between 100 and 140 g as much as'200ug of 
48/80 without killing the animals. With dosage schemes rising from 100 to 
8004g/100 g rat/day, we were unable to reduce the skin histamine below some 

10°% of its initial value. 
We have attempted, using all the different techniques already described, to 
produce a further reduction of skin histamine. In Table 2 are shown the results 
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from two experiments in which many of these techniques were used. Octy]- 
amine was much less efficient than 48/80 in reducing the skin histamine, and 
even when given in combination with 48/80 did not increase its effect. In those 
animals which had undergone a P.c.A. reaction 2 days previous to the extrac- 
tion of the skin histamine the results were inconclusive; if any further re- 
duction did occur, it was incomplete and a considerable proportion of the 
extractable histamine remained unreleased. 


Tasie 2. Effects of various methods of depletion on the skin histamine content of rats 


Mean skin 
No. of histamine 
Treatment of skin animals Skin histamine levels (ug/g) (ug/g) 
I. (a2) 48/80 +hyaluronidase s.c. 6 5-8, 5, 4-6, 5-4, 5-4, 4-6 51 
b) 48/80 + hyaluronidase s.c. + 48/80 painted 6 5-1, 4-7, 5-1, 5-8, 4-8, 5-8 
on 
(c) Octylamine + hyaluronidase s.c. 6 13-9, 13-9, 27-1, 15-9, 18, 22-1 18-5 
(d)  Octylamine + hyaluronidase s.c, + 6 18-7, 15-6, 28-5, 24, 25 21:3 
octylamine painted on 
(e) 48/80 + octylamine + hyaluronidase 4 1-6, 2, 7-9, 6 4-6 
(f) Untreated controls | 5 38, 20, 34, 30, 20 28-4 
. (a) 48/80 +octylamine + hyaluronidase s.c. 5:2, 3-8, 5-3 53 
(b) 48/80 + octylamine + hyaluronidase s.c. 4 4:6, 4-0, 3-6, 2-7 3:7 
+P.C.A4. 2 days previously 
(c) 48/80 + octylamine + hyaluronidase s.c. + 4 4:2, 2-3, 3-3, 3-1 3:2 
p.c.A. immediately before extraction 
(2) 48/80 +octylamine + hyaluronidase s.c. + 7 3-7, 2-4, 2-9, 3-6, 2-3, 3-5, 1-8 2-9 
2-days previously + P.c.a. im- 
mediately before extraction : 
(e) Untreated controls 6 28, 35-5, 32-5, 25-5, 34-5, 20 29-3 


When hyaluronidase was given, the average reduction in skin histamine . 
was no greater than that produced in other experiments in which it was not 
used. In spite of the failure of hyaluronidase to increase the depletion of skin 
histamine, we used it routinely in most of our experiments since we considered 
that the depletion would probably be more even in the area of skin used for 
tests of anaphylactic response and for extraction of skin histamine. 

In order to test whether the 8-10% of skin histamine which we failed to 
remove was in fact resistant to liberation by 48/80, we injected 48/80 intra- 
dermally into such depleted skins and measured the response produced. The 
results of three such experiments are shown graphically in Fig. 2. In these 
experiments the normal animals had a skin histamine content of approximately 
23g/g, whereas the depleted animals had skin histamine contents ranging 
from 2 to 5ug/g with a mean at about 3yg/g, i.e. 13% of the initial histamine 
remained. In such animals the response to intradermal 48/80 has been re- 
duced more than 90%. Itis impossible to give an accurate figure for the degree 
of reduction since the slopes of the dose-response lines are different. This dit- 
ference in slope may in fact be attributable to a different mode of production 
of the reaction; in the depleted animals the dose of 48/80 required was so large 
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Mean lesion diameter (mm) 


| L 
01 04 


of 48/80 (ug) 
Fig. 2. Effect of depletion of skin histamine on response in groups of six rats to intradermal 
(1.D.) injections of 48/80. Ordinate: mean lesion diameter (mm); abscissa: dose of 48/80 (yg). 
O—O, normal rats; x— x, rats with skin depleted to 13% normal histamine. 


125° 


Mean lesion diameter (mm) 


12 
3 Dose of histamine 1.0. (ug) 
Fig. 3. Effect of depletion of skin histamine on response in groups of four rats to 1.p. histamine, 
Ordinate: mean lesion diameter (mm); abscissa: dose of histamine (ug); @—®@, normal rats; 
x-~- x, rats with skin depleted to 10% normal histamine. (Course of 48/80 to produce this 
depletion finished on day before test.) , 
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that the 48/80 may itself have exerted a direct effect on the capillary perme- 
ability. Furthermore, the reduction in the response to 48/80 is proportionately 
greater than the reduction of the skin histamine content. We are consequently 
of the opinion that these experiments serve to confirm our conclusion that the 


remaining 10% of skin histamine is in fact resistant to liberation by histamine — 


liberators. 


Effect of histamine in depleted skin 

In similar experiments we have tested the effect of depletion of skin hist- 
amine on the response to histamine injected intradermally. Depletion of the 
skin histamine by subcutaneous injections of 48/80 reduced the effect of 
intradermally injected histamine by approximately 50% (Fig. 3). It should 
be noted that this test was carried out on the day after the course of treatment 
with 48/80 was finished, and that this reduction in sensitivity to histamine 
may represent the refractoriness of skin which has been subjected to prolonged 
and intensive treatment with 48/80. No such refractoriness was observed 
2 days later, or when depletion was produced by a course of intraperitoneal 
injections, although in fact the skin histamine was reduced just as much. 
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Dose of histamine 1.0. (yg) 


Fig. 4. Effect of mepyramine on response in groups of six rats to 1.D. ‘isieinins. Ordinate: mean 
lesion diameter (mm); abscissa: dose of histamine (ug); @ @, normal rats; x x, rats with 
skin depleted to 10% normal histamine. Solid lines before, dotted lines after mepyramine 
50 mg/kg. 


Effects of mepyramine 
On response to intradermal histamine 
The effect of mepyramine on the response to intradermal injections of 
histamine in normal animals and in animals whose skin histamine has been 


depleted to about 10% is shown in Fig. 4. In both groups there is a 64-fold 
reduction in the effect of histamine injected 45 min after treatment with 
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mepyramine 50 mg/kg intraperitoneally. The dose-response lines are steeper 
after mepyramine. In this experiment (in which depletion was produced by sub- 
cutaneous 48/80) the histamine response was also depressed in the depleted 
animals, both with and without mepyramine, to the same relatively small 
extent (roughly two-fold). This is taken as a further indication of the re- 
fractoriness to histamine induced by recent subcutaneous injections of 48/80. 


10 


Mean lesion diameter (mm) 


0-006 0-025 04 16 64 
Dose of 48/80 1.0. (ug) 
Fig. 5. Effect of mepyramine on response in groups of four rats to 1.p, 48/80. Ordinate: mean 
lesion diameter (mm); abscissa: dose of 48/80 (ug). @—@, normal rats; @---@, normal rats 
_ after mepyramine 50 mg/kg. O—O, rats with skin depleted to 10% normal histamine; 
(J---(), depleted rats after mepyramine 50 mg/kg. 


On response to intradermal 48/80 


Fig. 5 shows the mean response of groups of four rats to intradermal injec- 
tions of 48/80. In normal animals 0-006ug of 48/80 produced a lesion of 
approximately 8 mm diameter. Mepyramine in a dose of 50 mg/kg caused a 
64-fold reduction in the response, i.e. a dose of 0-4.g was necessary to produce 
a lesion of the same size. In animals depleted by 48/80, the response to intra- 
dermal 48/80 was reduced by about 16-fold, but even this reduced response 
was further depressed by mepyramine 64-fold (i.e. to the same extent as is the 
Tesponse In normal animals). 

Mepyramine depressed the responses tointradermal 4¢/8¢ and to intradermal 
histamine to about the same extent (Fig. 4). Miles & Miles (1952) found that 
mepyramine was 200 times less effective in blocking intradermal 48/80 than in 
blocking intradermal histamine, but they were using threshold doses of mepyr- 
amine in guinea-pigs, whereas our results were obtained using very large doses 
In rats. | 
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On passive cutaneous anaphylaxis and Arthus reactions 

Arthus reaction. We found that, as described for guinea-pigs by Smith & 
Humphrey (1949), doses of mepyramine up to 50 mg/kg—the maximum 
tolerated dose—did not in any way influence the development of the Arthus 
reaction in the skin, the lesions being of the same size and intensity. 

Passive cutaneous anaphylaxis. Ovary (1952) found that P.c.a. in the rat 
skin was completely blocked by antihistamines. He used mepyramine in doses 
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(a) 007 03 12 5 20 
(b) 40 160 Dose of histamine (yg) 
Dose of antibody (ug) 


Fig. 6. Effect of mepyramine on response in groups of eight rats to P.c.a. and to Lp. histamine. 
Ordinate: mean lesion diameter (mm) ; abscissae : (a) dose of histamine (ug), (6) dose of antibody 
(ug); @—@, P.c.a. response in normal rats; x--- x, P.c.a. response in normal rats after 
mepyramine 50 mg/kg; O—-O, histamine response in normal rats; A---/, histamine 
response in normal rats after mepyramine 50 mg/kg. 


of 50 mg/kg. One of the reasons for our selection of P.c.a. as a test response 
was this report of its sensitivity to antihistamines and our selection of mepyr- 
amine, like Ovary’s, was based on its relatively high specificity and absence of 
side actions. In our hands, however, mepyramine in doses of 50 mg/kg had no 
effect on the P.c.a. response (Fig. 6); doses of 100 mg/kg were invariably fatal. 

Fig. 6 shows the striking difference in the slopes of the dose-response lines 
of histamine and of p.c.a., the latter being at least twice as steep as the former. 
More striking is the fact that the dose-response line for P.c.a. is almost identic:! 
in slope to that of the Arthus reaction (Fig. 7), both reactions having been read 
4 hr after the injection of the antibody. 
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| | Effects of other antihistamine compounds 


4 | Because of the difference between our results with mepyramine and those 

0 of Ovary (1952), we repeated our experiments with a number of other anti- 

s histamines. These were chosen to be as diverse as possible both in their chemical 

t 
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Mean lesion diameter (mm) 


a (a) Dose of histamine 1.0. (ug) 007 03 
(b) Dose of 48/80 1,0. (ug) 0-006 0-025 
(c) 25 50 100 200 Dose of antibody-Arthus (yg) 
2 (d) 10 20 40 80 Dose of antibody-P.c.a. (yg) 


: Fig. 7. Responses in normal rats in two experiments. Ordinate: mean lesion diameter (mm); 
f abscissae: (a) dose of 1.D. histamine (ug), (b) dose of 1.p. 48/80 (ug), (c) dose of antibody (pg) 
in Arthus reactions, (d) dose of antibody (ug) in P.c.a. reactions. Expt, 1: groups of 
| twenty-four rats; O—O, Arthus reaction; @—@, P.c.a. reaction; §j-—-{, histamine re- 

action; Expt. 2: groups of four rates; x ---— x, histamine reactions; \~~——A, 48/80 reaction. 


’ , structure and in their reported effects (Packman, Rossi & Harrisson, 1953). 
l The results are shown in Table 3. Depression of the P.c.a. response occurred 
only with those drugs which, in the doses used, produced collapse of the rats. 
Furthermore, the degree to which the response to intradermal histamine was 
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i blocked was in no way parallel to the reduction of the P.c.a. response. Thus, d 

i chlorcyclizine in a dose which produced a 256-fold reduction ina responseto } ® 
intradermal histamine failed completely to influence the P.C.a. response. | 

Promethazine, 50 mg/kg, produced very severe collapse of the animals and we | 

consider that the reduction in p.c.a. response which it produced is attributable e 

to a general circulatory failure. Even in a lower dose of 20 mg/kg, it still t 

caused collapse of the rats, yet reduced the P.c.a. response only four-fold, 

i _ despite a depression of the histamine response by well over 256-fold. We con- | 

clude from these experiments that p.c.a. is not specifically inhibited by )} 

antihistamines. 


TaBLe 3. Effects of antihistamine compounds on P.c.a. response 
Mean P.c.a. response Mean blue response ~ 


(mm) to (mm) to 
r histamine dose (ug) | 
Dose  highdose lowdose - | 
Group  Antihistamine (mg/kg) antibody* antibody 0-1 05 2-5 12:5 Non-specific effects | 
1 Nil — 12 8 43 90 —- — 
2 Promethazine 50 6 3 — — 0 0 Profound circula- 
tory collapse. 
Moribund 
3 Antazoline 100 5 I — — 0 4 Collapsed and con- 
4 Chlorothen 50 10. 6 — — 0 5 ~=Nil obvious 
6+ Nil 15 ll 456 85 —  — 
7t Promethazine 20 ll 8 — — 90 1 Collapsed 
8t Antazoline 50 13 10 — — 6 10 =Slight 


* High dose of antibody =4 x low dose. 
t Groups 6, 7 and 8 in separate experiment, with different antigen (pneumococcus type Ill polysaccharid | 


Effects of depletion of skin histamine on Arthus reaction and passive | 
cutaneous anaphylaxis 
Arthus reaction. The Arthus reaction was produced in rats after varying 
degrees of depletion of the skin histamine by 48/80. There was no clear quanti- 
tative or qualitative difference in the responses obtained in animals whose skin 
histamine content varied from 15 to 100% of normal. A typical experiment is 
shown in Table 4. In addition to the similarity in the lesion diameters of the 
different groups shown in the table, the lesions were very similar in the degree 
of haemorrhage and oedema produced. Furthermore (Fig. 8a), the slope of the 
dose-response lines was the same in all three groups. It appears, therefore, that 
reduction of the skin histamine to 15% of its normal value does not in any way 
influence the development of the Arthus response. 
These experiments were repeated in animals which had not only been 
depleted but which also received mepyramine 50 mg/kg intraperitoneally 
45 min before the injection of the antibody. As in normal skin, mepyramine 
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did not have any influence on the development of the Arthus reaction in hist- 
amine-depleted skin. 

Passive cutaneous anaphylaxis. We tested the effect of different degrees of 
reduction of the skin histamine on the P.c.a. response. The results of one such 
experiment are shown in Fig. 8b. There were no significant differences between 
the responses at the different levels of skin histamine content (Table 5). The 


Tasie 4. Effect of depletion of skin histamine on reversed passive Arthus reaction 


Mean diameter +8.u. of lesion (mm) (haemorrhage 
Mean skin and/or oedema) produced by dose of antibody (yg) 
Group No. of histamine A 


no. animals (% normal) 95 50 100 200° 

1 8 100 7-2+0-53 9-2+0-47 11-3+0-49 14:1+0-42 
2 8 25 6-3+0-66 9-0+0-50 ~-11-0+0-57 13-5 + 0-64 
3 8 15 6-2+0-72 9-3+0-34 11-5+0-52 12-6+0-34 


TaBLe 5. Effect of depletion of skin histamine on reversed P.c.a. reaction 
Mean diameter +8.£. of lesion (mm) (blueing) 


Mean skin produced by dose of antibody (ng) 
Group No. of histamine r A * 
no. | animals (% normal) — 10 20 40 80 
1 8 100 5440-84 804062 1044053 13-:140-80 
2 8 25 4542-0 6840-75 9-8+0°8 12-9+0-84 
3 8 15 3840-25 714063 1004048 12:3+40-55 
(b) 
P.C.A. reactions 


‘ Mean lesion diameter (mm) 


eb 


2 50 100 200 10 20 40 
Dose of antibody (ug) 

Fig. 8. Effect of depletion of skin histamine on (a) Arthus reactions, and (b) P.0.A. reactions in 
groups of eight rats. Ordinates: mean lesion diameter (mm); abscissa: dose of antibody 
(ug). x—x, normal rats; @——®@, rats with skin depleted to 25% normal histamine; 
O---O, rats with skin depleted to 15% normal histamine. | 
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lesion diameters were substantially the same as in normal skin and both the 
threshold doses of antibody and the slope of the dose-response line were 
unaffected by the reduction of skin histamine. The only difference consistently 
observed was that, in depleted skin, the edges of the lesion were more sharply 
defined and there was a lack of the diffuse, faint background blueing, often 
extending beyond the actual lesion, seen in the response in normal skin. 

_ The skin histamine content of each individual animal was determined and 
related to the p.c.a. response of that animal. Fig. 9 shows results from one 


0 10 20 _ 30 40 
Skin histamine content (ug/g) 


Fig. 9. Scatter diagram relating skin histamine content with P.c.a. response in individual rats. 

Ordinate: lesion diameter (mm) produced in P.o.a. by 40yg of antibody; abscissa: skin 

istamine content (ug/g); @, normal rats (8); x, rats with skin depleted to 13% normal 
histamine (13). 


Lesion diameter (mm) of P.C.A. response to 40g antibody 
T 
x 
x 
x 
e 


such experiment. It is obvious that no correlation exists between the two 
variables. Even if the normal animals are considered alone, there is no ap- 
parent correlation; and the same is true of the depleted animals considered 
alone. | 

Depletion of the skin histamine does not affect the slope of the dose-response 
line of the P.c.a. response. This is shown in Fig. 10, which also shows that 
mepyramine is without effect on the response in depleted animals. 

The amount of intradermally injected histamine needed to produce a lesion 
of the same diameter as that produced by the p.c.a. can readily be calculated 
from these data. Thus Fig. 10 shows that 0-07 ug histamine injected intra- 
dermally produces in normal animals a lesion of the same diameter as that 


SB 
4 
Gi 
* 
r 
os 
tr 
} 
| 
| 
i 
| 
| 
| 
| 
| 
| 
| 
‘ 
1 
! 
i” 
| | 
i H 
| 
f 
| 
} 
4 
¥ 


the 


ere 
itly 
ply 
ten 


nd 
ne 


HISTAMINE AND SKIN REACTIONS 219 


produced by the low dose of antibody used; whereas, in depleted animals 
treated with mepyramine, a dose of 20ug histamine is necessary to produce a 
similar lesion, i.e. of diameter about 7-5 mm. The histamine content of the skin 


20 - 


15 


Mean lesion diameter (mm) 


0 | j 
(a) 007 0:3 Dose of histamine in normal rats (ug) 
(b) 20 80 Dose of histamine (yg) in depleted rats after 
mepyramine, 50 mg/kg 
(c) 40 160 Dose of antibody (yg) 


Fig. 10. Effect of mepyramine on responses in groups of four rats to P.c.a. and 1.D, histamine. 
Ordinate: mean lesion diameter (mm); abscissae: (a) dose of histamine (ug) in normal rats; 
(b) dose of histamine (ug) in rats with skin depleted to 10% normal histamine and treated 
with mepyramine 50mg/kg; (c) dose of antibody (ug). @—@, normal rats; O—O, rats with 
skin depleted to 10% normal histamine; A—A, normal rats after mepyramine; A—A, de- 
pleted rats after mepyramine. Solid lines, P.c.a. responses; dotted lines, histamine responses. 


is also known; and the total histamine in an area of skin of diameter 7-5 mm, 
weighing about 25 mg, has been shown in the same experiment to be 


normal skin (53-5ug/g) = 1-33 yg 
depleted skin 
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Thus, although in normal skin, in the absence of mepyramine, there is more 
than sufficient histamine to produce the P.c.a. lesion, in depleted skin treated 
with mepyramine, there is only 1/130 part (0-15/20) of the histamine which 
must be injected to produce a lesion of the same size as that produced by the 
P.C.A. response under these conditions. In other experiments similar calcula- 
tions have given ratios as low as 1/1000. It should also be noted that, since the 
slope for the histamine dose-response line is very much shallower than that for 
the P.c.a. response line, the value for the ratio just calculated would be still 
smaller if the histamine equivalents of lesions of larger dimensions were 
calculated : thus in the experiment illustrated in Fig. 10, the amount of injected 
histamine needed to produce a 16 mm lesion in depleted skins treated with 
mepyramine can, by extrapolation, be estimated at about 1-25 mg. The hist- 
amine content of such an area of skin is approximately 0-75yg and the ratio is 
thus about 1/1700. 


DISCUSSION 


Our choice of cutaneous anaphylactic responses for this work was based on the 
published reports that p.c.a. could be mimicked by a histamine injection and 
was blocked by antihistamines, whereas the Arthus reaction could not be so 


- mimicked and was not so blocked. Our results with a number of antihist- 
- amines, however, lead us to the conclusion that P.c.a. is not blocked by anti- 


histamines unless the drugs are given in such massive doses as to produce 
complete circulatory collapse of the rats. It is possible that Ovary succeeded 
in blocking the P.c.a. response only by this means and not by virtue of specific 
antihistamine activity. 

Feldberg & Talesnik (1953) showed how the vallitivele high histamine con- 
tent of rat skin could readily be depleted, by a histamine liberator, from about 
30ug/g to about 3ug/g. We have confirmed their findings in every respect. 
Moreover, we have tried by a wide variety of methods to deplete the skin of 
even more of its histamine and have in every case failed to do so. Because of 
these failures we have come to regard the residual 10% of skin histamine in 
the rat as resistant to histamine liberators. It is perhaps worth noting that this 
residual histamine is roughly equal in amount (3yug/g) to the normal skin 
histamine content of the guinea-pig; and that the skin histamine of the guinea- 
pig also appears to be resistant to histamine liberators (Perry, unpublished). 

Riley & West (1953) and Riley (1953) have suggested that histamine in 
tissues is largely located in the mast cells, from which it is liberated, with 
accompanying disruption of the cells or loss of their granules, by histamine 
liberators or by any form of mild trauma; but Fawcett. (1954) found that 
48/80, although causing loss of granules from mast cells, did not cause disrup- 
tion of the cells. Limited histological examinations which we made similarly 
showed that, in rats whose skin had been depleted of histamine by 48/80, there 
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was a loss of granules from the numerous large deeply staining mast cells 
normally present. Guinea-pig skin is not nearly so rich in mast cells as rat 
skin, and those that are found are smaller and less deeply staining. In view of 
the ease with which histamine is liberated from mast cells (Riley & West, 1953) 
it is possible that the depletion in rat skin is largely due to its loss from these 
cells; and it may well be that the residual 10% of histamine is resistant to 
liberation because it is present in other types of cell. In fact, Graham, Lowry; 
Wahl & Priebat (1953) found suggestive evidence that some 10% of skin 
histamine in the dog was in cells other than mast cells. | 

The fact that in depleted skins 48/80 injected intradermally will still produce 


_ aresponse if the dose used is sufficiently large, suggests that such doses produce 
_ a lesion by some mechanism other than the release of histamine. Yet the fact 


that mepyramine blocks the response to 48/80 to the same degree as it does in 
normal skin is not in agreement with this hypothesis, unless the assumption is 
made that the antihistamines also antagonize the direct effects of 48/80 to the 
same degree as they antagonize released histamine. 

The dose-response lines (relating log. dose to lesion diameter) of intradermally 
injected histamine and 48/80 have almost the same slope. Yet when a P.c.A. re- 
sponse is elicited in the skin, the corresponding dose-response line (relating 
log. dose of antibody to the lesion diameter) has a slope which is twice as steep. 
Furthermore, although the Arthus phenomenon has never been attributed to 
the release of histamine, the slope of the dose-response line for the Arthus 
reaction (Figs. 7, 8) is almost identical with that for p.c.a. This suggests that 
the two phenomena may be linked by a common aetiological factor. Thus, we 
believe that the governing factor in the production of the P.c.a. response is a 
sufficient concentration of antigen-antibody complex, and that consequently 
the area of blueing is determined by the area over which the antibody has 
diffused to give a supra-threshold concentration; within this area the response 
appears to be uniform. 4 

It is probable, however, that some histamine is released as a secondary 
result of the antigen-antibody reaction; and this histamine may account for 
the diffuse blurring of the edges of the p.c.a. reaction in normal animals. Thus, 
in the absence of releasable skin histamine (in depleted animals) we observed 
the edges of the P.c.a. response to be more sharply defined. 

_ Antihistamines at high dose levels block the effects of intradermal injections 
of histamine and of 48/80 to a similar extent. Thus not only do the anti- 
histamines block injected histamine, they also block the action on capillary 


_ permeability of released histamine. Yet they fail to affect the P.c.a. response. 


‘eldberg & Talesnik (1953) found that in rats depleted of histamine by 48/80, 
the characteristic oedema following the injection of whole egg-white did not 
occur. On the assumption that the effect in unsensitized animals of whole egg- 
white (purified ovalbumin being inactive) depends upon a direct liberation of 
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histamine, and not on any form of antigen-antibody reaction, the results of : 


Feldberg & Talesnik agree with our findings with 48/80. 

In depleted skin (10% normal histamine) the response to intradermally 
injected histamine is little affected; but the response to intradermally injected 
48/80 is reduced 256-fold or more. Yet the P.c.a. response is unchanged. This is 
even more striking than at first appears, for three reasons. First, if an attempt 
were made to produce blueing in depleted skins by intradermal injection of 
histamine so as to correspond to a P.c.a. response, the dose of histamine 
needed to produce even the faintest blueing would be greater than the total free 
histamine extractable from the corresponding area of skin—and in mepyr- 
amine-treated animals it would be 1000 times greater. Furthermore, it is 
probably greater than the amount of histamine which could be introduced into 
the area by the formed elements of blood. Secondly, in depleted animals 
neither the threshold dose of antibody nor the grading of the response to in- 
creasing doses of antibody is changed. Finally, the histamine content of areas 
of skin in which a P.c.a. reaction has taken place is little different from the 
histamine content of similar areas of skin in which no reaction has occurred. 
(This is only true when the histamine contents are expressed in pg/unit area; 
if expressed in g/g the content falls, due presumably to the increased weight of 
the skin because of oedema formation.) 

For all these reasons we conclude that p.c.a., for all its superficial resem- 
blance to the effects of injected histamine, is brought about by a mechanism 
which is independent of the release of intrinsic skin histamine; and in spite of 
our failure to obtain complete depletion of the skin histamine, we do not con- 
sider that the residual 10% can be involved. The implications of any other 
conclusion are that the residual histamine, which we believe to be located in 
cells other than the mast cells, is not liberated by 48/80 or octylamine but is 
liberated by antigen-antibody reactions; and that after release it is not blocked 
by antihistamine compounds, in the presence of which it is at least 1000 times 
as effective as histamine released from mast cells or given by intradermal 
injection. 

These conclusions apply with equal force to the Arthus reaction, and thus 
one of the criteria for differentiating between the two types of reaction is 
removed. Furthermore, we noted that, when a P.c.A. reaction was produced 
with a large dose (80g) of purified antibody, the area of blueing often showed 
a central patch of haemorrhage which was never seen as a result of large intra- 
dermal doses of histamine or 48/80. Thus, the distinction between P.c.A. 


reactions and the early stages of the Arthus reaction may well be quantitative 


rather than qualitative. 
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SUMMARY 


1. Methods are described for producing Arthus and p.c.a. reactions 
quantitatively by a reversed passive technique in rat skin. 
2. Various techniques were used in an attempt to deplete the rat skin of all 
its free histamine. None effected reduction of more than 90%. Reduction of 
the skin histamine to 10% of normal was accompanied by disappearance of 
the granules from the skin mast cells. 
3. The residual 10% of skin histamine is not liberated by intradermal 
injections of compound 48/80, nor is it greatly reduced by antigen-antibody 
reactions, 
4. Arthus and P.c.a. reactions in rat skin are not blocked by antihistamine 
compounds unless these are given in doses sufficient to produce signs of collapse 
in the rats. 
5. Arthus and P.c.a. reactions in rat skin depleted to 10% of its normal hist- 
amine content are of the same size and intensity as those in normal rat skin. 
6. Antihistamines do not modify these reactions in depleted rat skin, 
although they still block intradermally injected histamine. The P.c.a. reaction 
under such conditions is equivalent in size and intensity to the effect of the 
intradermal injection of more than 1000 times the quantity of histamine 
present in the corresponding area of skin. 
7. These findings are incompatible with the view that histamine release is 


the cause of the observed phenomena of cutaneous anaphylaxis. 


We are indebted to Messrs Burroughs Wellcome and Co. for a supply of compound 48/80; and to 
Messrs May and Baker Ltd, for samples of mepyramine maleate and promethazine hydrochloride. 
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THE SENSE OF PITCH AND LOCAL INCREASE 
IN THRESHOLD 
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The pitch of a pure tone depends basically on its frequency, but it can some- 
times be modified by the intensity of the tone. Hitherto, in work on the 


modifying influence of intensity (e.g. Stevens, 1935; Snow, 1936; Morgan, 


Garner & Galambos, 1951) the subjects have been chosen for their normality 
of hearing. It is reported by Morgan et al. (1951) that it is typical for such 
subjects to find pitch almost independent of intensity. In the present work, 
the effect of intensity on pitch for subjects with slight hearing defects has been 
examined. 

The intensity-dependence of pitch has been studied as a function of the 
magnitude of the hearing defect. This introduces a variable which is independent 
of any experiments on normal ears. | 


APPARATUS AND TECHNIQUE 


Apparatus 
For the air-conduction audiogram, an Amplivox model 61 audiometer was used. 

A block diagram of the apparatus used for the main series of tests is shown in Fig. 1. 

Two beat-frequency oscillators were used, B.S.R. type L.O. 504A, slightly modified to reduce 
noise. The output transformers were matched to a low impedance line. The frequency control of 
oscillator 2 was connected to the rotary condenser by a reduction gear, so that a pointer attached 
to the control spindle magnified the motion of the frequency dial by a factor of five. The pointer 
moved against one of a set of frequency scales, each calibrated for use with a particular frequency 
of the standard tone. The marks on the scale were numbered from 1 to 10 at equal frequency 
intervals, and the standard frequency was represented by a mark at the middle of the frequency 
range. The frequency intervals between the graduation marks were 100, 200 and 500 c/s, on 
different scales, the size of interval used in a particular test depending on the subject’s ability to 
discriminate pitch. 

One moving-coil earphone was used, 8.T. and C. type 4026 A, and a dummy earphone excluded 
noise from the opposite ear. The earphones were supported by a spring headband, and were 
provided with sponge-rubber rings to ensure that they fitted closely on the ears. 

The attenuators were made by the author, to match the low impedance of the headphone. Each 
was variable in steps of 5 db, and gave up to 130 db of attenuation. 
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The switching unit consisted of an electronic timing unit which controlled the operation of a 
pair of high-speed mechanical relays. The relays connected the earphone in turn to oscillator 
systems | and 2. The timing unit was adjusted to present the standard tone (tone 1 from oscillator 
system 1) for 1 sec, and then the test tone (tone 2 from oscillator system 2) for 1 sec. The two tones 
were separated by a few msec, and there was a silent interval of 2 sec between the end of one pair 
of tones and the beginning of the next pair. Indicator lights on the panel of the switching unit 
showed the experimenter when each of the relays was closed. 

The order of presentation of the frequencies of the test tone was given by a list of 60 numbers 
between 1 and 10, in random order, corresponding to the numbers on the on nee seale of 
oscillator 2. 


Provision was made to connect the corresponding output terminals of the two oscillators 


directly together by closing the calibration switch. 


Switching unit 


Fig. 1. A block diagram of the apparatus. 


Calibration, The audiograms of several observers with good hearing were repeated during the 
tests to check the constancy of calibration of the audiometer, which was calibrated by the manu- 
facturers according to the American Standards Association specification Z 245/1951. 

A commercial electronics laboratory found that the oscillator frequency was accurate to 
+1%+1 o/s, and the harmonic content was less than 2%. Small differences in signal frequency 
between the two oscillators were observed by closing the calibration switch, when the needle of 
each output voltmeter fluctuated with the beat-frequency between the two signals. To bring the 
frequency of one oscillator to that of the other, its frequency was adjusted until this rate of beat 
was brought to zero. Oscillators set in this way did not drift apart in frequency by more than 
3 c/s in 0-5 hr. The final test of signal purity was made subjectively, since noise had to be inaudible 
during the tests. The voltage was observed to remain constant within 2 db at all frequencies, 
measured on the output voltmeter of either oscillator. 

The manufacturers of the earphone measured its response wring an artificial ear, and found that 
the response was within +4 db of a constant value. 

The attenuators were calibrated at 1000 c/s under operating conditions, in terms of the voltage 
developed across the earphone. The attenuation in decibels was calculated from the ratio of two 
voltage readings, and was found to be within 5% of its nominal value, and the individual steps 
were within 10% of the nominal 5 db. 

The signal timing was measured from a photographic record of an oscilloscope trace, which 
showed the sequence of operation of the relays, together with a time-marker. 


Subjects 
Thirteen subjects were selected from 140 volunteers from the staff of the Institute of Ophtha!- 
mology, from a nearby police hostel, and from patients attending an audiology unit. They were 
chosen because each had a slight hearing defect which extended over a limited range of frequencies, 
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shown by a dip in the audiogram. In each case, the greatest hearing loss occurred between 3000 
and 6000 c/s, and was between 15 and 60 db below the level part of the audiogram. Only one woman, 
‘J.H., had this type of audiogram. A.C., R.D., J.E., C.H., E.H. and P.L. gave a history of 
exposure to noise, and J.G, and J.R. of slight concussion. 


None of the subjects, whose ages ranged from 17 to 45 yr, had experience of tests of this type, 
and only one, E.H., of hearing tests of any sort. 


General procedure 
The threshold of hearing was determined for each volunteer at a number of frequencies. From 


these results the air-conduction audiogram was drawn for each ear. These audiograms provided 
the criteria for the selection of subjects to complete the main tests. The — was a dip in the 


- audiogram of at least one ear. 


In the main tests, a record was made of pitch comparisons between the two frequencies at 
different intensity levels, when presented in succession to the same ear. 

The first tone of each pair was the same throughout any test, and the subject was asked to 
compare the pitch of the second tone with this standard tone; only ‘higher’ and ‘lower’ answers 
were permitted. From the distribution of judgements a frequency of the second tone was found 
which had the same pitch as the standard tone. A similar method was used to that of Snow (1936). 

In this way a set of tones of different intensities was found, each of which matched the standard 
tone in pitch. From this set of tones was calculated the frequency change necessary to keep the 
pitch constant when the intensity was changed. 

Such measurements were made for a range of frequencies of the standard tone, close to the 
frequency of the threshold defect. 

The method was designed to give a conservative estimate of any pitch changes. 

Threshold determination. The threshold of hearing was determined at frequencies from 125 to 
8000 c/s by the normal procedure of audiometry, and the audiogram was drawn. Only the air 
conduction audiogram was determined, since the bone conduction threshold is not reliable at 
4000 c/s, and cannot be determined at higher frequencies with this apparatus, 

Each subject chosen for test had a dip in the audiogram, and the depth of this dip, D, was taken 
to be the difference in decibels between the bottom of the dip and the highest shoulder of the dip. 


_ It should be mentioned that errors of measurement are added to the value of D by this convention. | 


Monaural pitch comparisons. A frequency close to the region of the threshold defect was chosen 
as the standard frequency, and oscillators 1 and 2, shown in Fig. 1, were both set to this frequency. 

Oscillator 1, which controlled the frequency of tone 1, remained at the standard frequency 
throughout the group of tests. 

A frequency scale calibrated for use with this standard frequency was placed in position on 
oscillator 2. The headset was adjusted to fit the subject, and his threshold of hearing at the 
standard frequency was found in terms of the attenuation in either oscillator system. The in- 
tensity level of tone 1 was set at 30 or 40 db above this threshold by means of attenuator 1, and 


_ remained at this level throughout the group of tests. The intensity of tone 2 was set at some other 


level by means of attenuator 2, and remained at this level during one test. 

The subject was seated so that he could not watch the frequency controls, and was first asked 
to listen to two sample pairs of tones produced in the same way as the tones in the test itself. 
He was asked to say whether the second tone of each pair sounded ‘higher’ or ‘lower’ in pitch 
than the first tone. The experimenter set the frequency of oscillator 2 to each of the extreme values 
on the frequency scale, so that the frequency of tone 2 was in one case much higher and in the 
other much lower than the standard frequency. If the subject was uncertain of either of these 
cenen the frequency scale was replaced by another scale calibrated for use with the same 

standard frequency, but covering a larger frequency range in larger steps. 

The experimenter took one of the lists of numbers, and asked the subject to start recording his 
jud ements on a printed form. To each pair of tones in the list, there was a corresponding pair of 
squares on the form, and the subject’s task was to make a mark in either the top or the bottom 
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square, according to his judgement of tone 2 as ‘higher’ or ‘lower’ in pitch than the standard 
tone. 

The switching unit was turned on, and the experimenter.set the pointer of the frequency control 
of oscillator 2 to the numbers on the frequency scale, in the order in which they appeared on the 
list, in time with the switching unit. The first thirty frequency settings were made in succession, 
and after a short interval, the remaining thirty settings of the list were made in the same way. 
These sixty comparisons completed one test. 

The subject’s record was scored by placing a transparent master sheet over the printed form. 
The first five judgements of each half list were for practise, and were not scored. During the 
remaining fifty judgements, each of the ten frequencies of tone 2 marked on the frequency scale 
was compared five times with the standard tone. | 


The numbers of ‘high’ and ‘low’ judgements made at each frequency of tone 2 were plotted 


against the frequency of tone 2 at which they were made. The frequency at which equal numbers of 
‘high’ and ‘low’ judgements would be made was interpolated between the frequency steps, and 


was taken as the frequency of tone 2 which was matched in pitch to the standard tone in that 
test, 


A group of at least three such tests was completed at one session, in all of which the standard 
tone was the same, while the intensity level of tone 2 was different in each test. From this group 


of tests, a series of values of the intensity level and frequency of tone 2 were found, each tone 
matched in pitch to the same standard tone. 


The standard tone took at least six frequency values in the vicinity of the threshold defect, and 
a group of tests was performed at each frequency. 


RESULTS 


The results for two typical ears are shown in detail in Fig. 2a and 6. Ordinates 
represent the frequency of either oscillator, on a logarithmic scale, and 
abscissae represent the attenuation in decibels below the maximum output 
of either oscillator. 

Each standard tone is represented by a circle, and the set of tones of the 
same pitch as the standard tone by solid points. The locus of all these points 
found in one series of tests is a line of constant pitch, or equal pitch contour, 
such as the dotted line in Fig. 2b, which is drawn to avoid confusion between 
adjacent series of points. The best-fitting straight line is drawn for each series 
of points, as an approximation to the equal pitch contour. This line is the 
calculated regression of the logarithmic frequency on the intensity, and its 
slope, S, is a measure of the degree of dependence of pitch on intensity in the 
frequency region through which the line passes. 

The numerical value of the slope is usually very small, when expressed in 
octaves/db, so that it is multiplied by 10? in the diagrams which follow, where 
a slope of one octave in 100 db corresponds to a value of 10 on the ordinate 
scale, 

S is zero at a frequency for which pitch is independent of intensity. 

The sign of S is taken as positive in the case of a tone which becomes higher 
in pitch as it gets louder. In this case the regression line slopes towards lower 
frequencies at high intensities to compensate for the rise in pitch. An examp!e 
of this is the line in Fig. 2a which corresponds to the standard tone of 7000 c «. 
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In Fig. 26, the line which corresponds to 4000 c/s slopes in the opposite 
direction, which makes S negative, showing that this observer, listening with 
this ear to a tone in the neighbourhood of 4000 c/s, would _ the — 
become lower as the intensity was increased. 


D.S. (L ear) J.G. (R ear) 


Frequency (kc/s) 


L i L i 
100 80 60 40 20 0 100 80 60 40 20 0 
Attenuation (db) Attenuation (db) 


Fig. 2. Monaural pitch comparisons of pure tones of different intensity, by two observers. 


A straight-line approximation to each equal pitch contour is drawn. RRA 


tone of the same pitch as the standard tone O. 


In Fig. 3 two graphs are shown against the same frequency scale for each 


ear. The upper diagram, with circles, is the portion of the audiogram 
containing the threshold defect, and the lower diagram, with solid points, 
shows values of S plotted against the frequencies of the standard tone at 
which they were determined. Only the fifteen ears for which non-zero values of 
S were found are included here. S was zero or very small, at each frequency 
tested, for two more ears, for which the values of D were 30 and 55 db 
respectively. 

Inspection shows that in each of these fifteen cases, the dip in the audio- 
gram is associated with a range of frequencies in which S is not zero, i.e. that 
pitch becomes a function of intensity as well as of frequency within this 
limited range. 
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equal pitch contour, against the frequency of the 


octave per decibel. 


standard tone. The unit of slope is 10-3 
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For nine ears (seven observers) all these values of S$ are positive, for two 
ears (one observer) all these values of S are negative, while for four ears (three 
observers) the affected range is divided in two parts, in the lower part of 
which S is negative, and in the higher part S is pee ik in each case. 


Maximum slope 


L 


0 10 20 30 
Depth of dip (db) 


Fig. 4. Maximum slope of the equal pitch contours for each ear against the depth of the dip in 
the audiogram. The unit of slope is 10-* octave per decibel. Where both positive and negative 
maxima occur for the same ear, both values are represented by O. peer 
positive and for negative values of the slope are drawn. 


In Fig. 4, the maximum positive or negative value of S in each of these 
regions, S,,, is plotted against D, the depth of the dip in the audiogram. Where 
both positive and negative values of S,, occur for the same ear, both are 
plotted as circles. 

The pair of straight lines in the upper part of this diagram, and the pair in 
the et the regression of S,, on D, and of D on Sim calculated 
separately for positive and negative values of S,,. 

The two branches of the distribution diverge from a position close to the 
origin of co-ordinates, and in each branch S,, increases as D increases. 

Since D is a measure of the threshold defect, the large values of S associated 
with large values of D may be regarded as a defect of pitch. 
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This suggests, conversely, that it is normal for pitch to be independent of 
intensity, when there is no dip and D is zero. 

For any particular value of D, the corresponding vabies of S,, in the positive 
and negative parts of the diagram are not the same. Although positive values 
are more common, negative values when they do occur are much larger. 

Closer examination of the pairs of graphs of Fig. 3 shows that, within 
each type of S-frequency curve, the shape is in many cases related to the shape 
of the corresponding audiogram, but that the two curves are often relatively 
displaced on the frequency scale. Large positive values of S were usually 
found at higher frequencies than that of the greatest hearing loss. In such 


cases, S,, might occur at a frequency for which the threshold was almost 


normal, When S became negative, S,, was found in each case at a frequency 
for which the hearing loss was greatest, or nearly so. This was true both for the 
two ears which gave only negative values of S, and for the four ears which 
had also a range of positive values. 

It was not found possible, from the audiogram alone, to predict which type 
of S-frequency curve would be found in any particular case. Each of the 
four observers who contributed two ears to the tests had the same type of 
S-frequency curve for both ears. There was no apparent connexion between the 
subjects’ history of exposure to traumatic injury and the S-frequency results. 


DISCUSSION 


The first few ears which were tested gave a baffling variety of results, but 


obviously associated with the threshold defects. When all seventeen ears had 
been tested, it became clear that the results fell into several series, each cor- 
related with the threshold defect. This is the pattern of results which would 
be expected if it were known that the threshold defects were caused by more 
than one type of lesion. 

The increase of the pitch change with the depth of the dip, and the absence 
of pitch changes outside the limited range of frequencies, suggests that it is 
normal for the pitch to be independent of intensity, a condition which cor- 
responds to the ‘typical ears’ described by Morgan et al. (1951). The cause of 
such pitch defects must lie in the abnormality of some part of the auditory 
system. There is, however, no reason to believe that these subjects identify 
frequency by a different process from people who have normal hearing at all 


frequencies. 


The very diversity of results, which is so difficult to interpret in terms of 
auditory theory, is evidence that the observers were not hearing a spurious 
tone in the oscillator, since the same frequency became higher in pitch for one 
ear, and lower for another, when the intensity was increased. The fact that for 
some ears one frequency became lower in pitch, and another higher, when the 
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intensity was increased, confirms that there was no confusion between 
‘higher in intensity’ and ‘higher in pitch’. 

There is now the double task of deciding what types of defect at each stage 
of the mechanism of hearing could produce a dip in the audiogram, and of 


considering the effect each could have on the pitch of a pure tone. This will 


be treated in order, starting from the outer ear. 
An anti-resonance in the sound-conduction mechanism of the outer or 
middle ear could account for a small dip in the audiogram, by reducing the 


efficiency with which a range of pure tones is transmitted to the cochlea. But — 
it can have no effect on the frequency of a pure tone. If the transmission 


became non-linear, it is possible that an observer whose hearing for the. 
fundamental was defective might interpret the introduction of harmonic 
overtones as a rise in pitch. 

It is generally accepted that, at least for the range of frequencies considered 


here, there is a spatial analysis of frequency in the cochlea. This means that. 


any local injury in the cochlea, in the auditory nerve, or in the auditory cortex 
is likely to cause a raised threshold of hearing for the range of frequencies with 
which the injured region is normally concerned, seen as a dip in the audiogram. 
Both severe exposure to noise, and concussion, are known from animal 
experiments (e.g. Schuknecht, Neff & Perlman, 1951; Davis & associates, 
1953; Schuknecht, 1954) to cause damage in a limited region of the organ of 
Corti, the structures which appeared most vulnerable being the hair cells. 
In both resonance and travelling-wave theories, a pure tone is assumed to 


cause @ maximum mechanical stimulus at some distance along the cochlea. 


which is characteristic of the frequency of the tone. By means of the inter- 
mediary mechanism of the organ of Corti, the mechanical stimulus at each 
position along the cochlea is believed to cause a corresponding neural response 
in those fibres of the auditory nerve which have their sensory nerve endings 
close to that position. Any change in the pattern of neural response may 
result in a change of pitch, whether this is due to a displacement of the pattern 
of mechanical activity in the cochlea to a position characteristic of another 
frequency, or to a defect in the organ of Corti or of the sensory nerves them- 


selves, which prevents the pattern of nerve response being a true reflexion of 


the state of affairs in the cochlea. 

If the position characteristic of each frequency is due to the gradual change 
in the size and elastic properties of the cochlear structures between the stapes 
and the helicotrema, then a mechanical defect could displace the pattern of 


mechanical activity from its normal position. A defect which made the elastic 


properties dependent on intensity could account for the pitch also becoming 

a function of intensity. 7 son 
The observations of Békésy (1952) that the pattern of mechanical excitation 

was not displaced, even by increasing the intensity beyond physiological 
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limits, made it seem unlikely that this was an explanation of the pitch 


changes. 


However, the present demonstration that pitch changes are characteristic - 


of a hearing defect, leaves the question open once more. 
An injury to the organ of Corti is believed to be the cause of recruitment of 


loudness, and Davis, Morgan, Hawkins, Galambos & Smith (1950) have dis- 


cussed the changes of pitch which could be caused by local fatigue or damage 
in the organ of Corti. A tone on the high frequency side of the hearing defect 
would sound higher in pitch than normal, if there were a reduced neural 
response to the part of the pattern of mechanical stimulation which lay in the 
defective area, and would become lower in pitch with an increase of intensity, 
until the pitch became normal at the intensity where recruitment of loudness 
was complete, the neural response pattern being normal at that intensity. 
It would be expected that a tone on the low frequency side of the hearing 
defect. would in the same way be abnormally low in pitch at threshold, and 
become increasingly higher in pitch as the intensity was increased, also 
returning to normal. Davis et al. (1950) suggest that-the lack of symmetry of 
the pattern of mechanical stimulation about the maximum might be the 
reason why they did not find any abnormality of pitch on the low frequency 
side of the dips in the audiogram, which they had produced in normal ears by 
exposure to noise. 
that recruitment of loudness is not always present in permanent traumatic 
deafness. This could be due to damage to the auditory nerve fibres, or even to 
the auditory cortex. Pitch changes could still occur in this case, but naturally, 
the pitch cannot be expected to return to normal at high intensities. Indeed, 
it is possible that near threshold only a small part of the region of mechanical 
excitation is of large enough amplitude to cause a neural response, and this 
part may lie entirely in a normal region of the cochlea, whereas, at high in- 
tensities, the spread of mechanical activity which would normally cause 
neural response may extend in one direction into a normal region, and in the 
other into the defective area. It would be expected that the pitch of a tone 
on the high frequency side of the hearing defect would become higher, and on 


the low frequency side would become lower, when the intensity was increased. 


Local injury in the auditory cortex is a possible cause of a dip in the audio- 
gram, but in the state of knowledge at present it is not possible even to discuss 
the effect it might have on the perception of pitch. 

It is against this background that the present results must be reviewed. 

Whenever positive and negative values of S were found together, they were 
in the same order on the frequency scale, the tones which became higher in 
pitch when the intensity was increased being higher in frequency than those 
for which the pitch became lower. The defects in the auditory mechanism, 
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which cause these two directions of pitch change, cannot be far apart, if both 
are due to the same injury. This systematic change of pitch could be caused 
at the two boundaries of one defective region, as has been discussed in the case 
of a non-recruiting deafness. 

If positive and negative values of S which occur separately are not due to 
the same defect as that which makes them occur together, then it is surprising 
that the maximum values of S are not distinct. | 

If, however, the pitch changes are all due to damage in the same part of the 
mechanism, there must be some reason for the apparently random absence of 
positive or negative values of S. 

It is common to find a region of positive values of S without a corresponding 
negative region, but negative values when they occur at all are large, and may 
be found alone, so the explanation cannot rest on the normal asymmetry of 
the pattern of stimulation. | 


There is no indication from the audiograms that the cause is a more abrupt 


onset of the hearing defect at one end than the other, though it is possible that 
this might be found in a more detailed threshold determination. 

The paradox disappears if it is assumed that the amplitude of mechanical 
activity is not reproduced directly in the auditory nerve response, but that the 
two sides of the maximum amplitude are separately represented in the nerve 
response, and may separately become defective. The present results are in- 
sufficient to justify elaboration of this idea, but are too systematic to be 
ignored. 


SUMMARY 

1. The influence of intensity on the pitch of a pure tone has been examined 
as a function of the depth of a dip in the audiogram in the neighbourhood of 
4000 c/s. 

2. Tones of equal pitch were determined from a series of forced choice 
comparisons with a standard tone. The mean slope of the equal pitch contour 
was taken as a measure of the intensity-dependence of the pitch. 

3. In fifteen out of seventeen cases, the dip in the audiogram was associated 
with a frequency region within which pitch was modified by intensity, but the 


direction of the pitch change was not always the same for different subjects, 


or for different frequencies in the same ear. 

4. Where there was a maximum value of the intensity-dependence of the 
pitch, at some frequency, this value was proportional to the depth of the dip 
in the audiogram. When the pitch became lower with increasing intensity, the 
constant of proportionality was larger than when it became higher. , 

5. There is a discussion of the types of lesion which could cause both a dip 


‘in she audiogram and the pitch changes which are associated with it and may 
_ be regarded as a defect of pitch perception. 
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The measurement of the pulmonary diffusing capacity has recently been the 
subject of renewed interest, largely stimulated by the development by 
Lilienthal (Lilienthal, Riley, Proemmel & Franke, 1946) and Riley (Riley, 
Lilienthal, Proemmel & Franke, 1946; Riley & Cournand, 1951; Riley, 
Shepard, Cohn, Carroll & Armstrong, 1954) of a new technique for measuring 
it. In 1910, August & Marie Krogh described the measurement of the diffusing 


capacity of the lungs during continuous breathing of carbon monoxide, and — 


also during a period of breath holding. They realized that the first of these 


methods was made unreliable by the difficulty of calculating the alveolar ven- 


tilation, from which the mean tension of CO in the alveoli was derived. This is a 
critical measurement in the calculation of diffusing capacity since this mean 
tension is the denominator of the fraction which constitutes it. Riley’s method 
circumvents this difficulty since the mean alveolar O, gradient is calculated 
without direct dependence on the dead space. However, difficulty is en- 
countered when the tidal volume exceeds about 1}1., since in these circum- 
stances a small error in the measured arterial pCO, leads to a very considerable 
change in calculated effective dead space. In a recent paper Riley (Riley et al. 
1954) notes this difficulty, and as he finds that the dead space so calculated is 


often obviously erroneous, he prefers to substitute a more likely value during 


estimations on exercise, thus in effect ‘correcting’ the arterial pCO,. It 

should be noted that this difficulty observed by Riley operates reciprocally so 

that during exercise with increasing ventilation, the assumed value of the 

respiratory dead space influences the calculated mean alveolar CO tension to a 

smaller and smaller extent. It will be shown later that very different values 

for respiratory dead space may be assumed during exercise, without these 
* Cattlin Research Scholar, St Bartholomew’s Hospital. 
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producing much difference in the calculated diffusing capacity. At rest, as 
noted by Krogh & Krogh (1910), the situation is quite different, and the 
actual value of dead space is critical in determining the diffusing capacity. 
Filley, MacIntosh & Wright (1954), have ingeniously devised a method of cal- 
' culating the mean alveolar CO tension from the measured arterial CO, tension. 
This method is simpler than Riley’s technique, and also, unlike the latter, 
enables the diffusing capacity of the lung to be calculated without hypoxia, the 
effect of which on the lung diffusing capacity is not precisely known. 

The theoretical aspects of. CO transfer in the lung have recently been re- 
viewed by Forster, Fowler, Bates & van Lingen (1954). It has been shown 
that there are difficulties in the interpretation of the results of breath-holding 
experiments, and any method involving breath holding is difficult to use during 
exercise. 

The purpose of this investigation was to study the estimation of the 
pulmonary diffusing capacity by measurement of the inspired, mixed expired, 
and end tidal concentrations of carbon monoxide during rest and exercise, and 
to determine whether this technique was sufficiently accurate and reliable for 
use in clinical research. In particular it was desired to avoid the necessity of 
arterial blood sampling, and to decide whether an indirectly calculated value of 
the mean alveolar CO tension was sufficiently accurate in normal subjects to 
use in the calculation of the diffusing capacity. 


METHODS 

Fig. 1 shows the design of the breathing circuit used; certain details of this require explanation. 
The mouthpiece (M) contains eight rubber flap valves, four on the inspiratory and four on the 
expiratory side. Its dead space, including the flexible attachment to the mouth, was 75 ml. 
Beyond the expiratory valves, a mixing chamber (N) of 3} 1. capacity contains an induction motor 
driving four propeller blades. Switching of the sampling circuits is done by solenoid valves (S) in 
appropriate places in the circuit, Gas analysis was by infrared analyser of the type described pre- 
viously (Lawther & Bates, 1953). This was calibrated on two scales, 0-0-15% CO and 0-0-05% 
CO. The accuracy of this type of instrument is about 3% of scale reading. Gas was drawn through 
this by a small electric air pump (R), at a rate of 2 1./min, measured by a rotameter (U). Sampling 
could be instantly stopped by closing the solenoid 8,, which was energized through a relay circuit 
connected to a contact breaker (K), so that, if required, gas was sampled from just beyond the 
expiratory valve only during inspiration. All exercise was performed on a motor-driven treadmill, 
the gradient of which was adjustable. When ‘flat’ it actually sloped at a grade of 1:50. At‘4slope’ 
the grade was 1:10-7. All tubing in the direct breathing parts of the circuit was 5-1 cm. in internal 
diameter and the three-way taps (E to J), had a minimum diameter internally of 3-8c.m During 
studies on maximum exercise with ventilation rates of up to 90 1./min, the gas meter was discon- 
nected from the circuit and the minute volume measured from the volume of gas collected in the 
expiratory bag. The pressure swing at the mouthpiece in these circumstances was from - 2-6 to 
+3-4 om 

Two initial ‘calibrating’ experiments were performed. The first set of observations consisted of 
attaching a hand-operated pump of constant stroke volume to the mouthpiece and checking that 
the gas displaced from the bag containing inspired gas (A or B) into bag C, corresponded with the 


volume recorded by the gas meter. This volume was measured by wet drum flowmeter, the gas 
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being expressed by positive pressure on the tank at W. The second set of observations d the 
mixed expired CO concentration as measured by continuously sampling gas from P, with that of 
the simultaneously collected expired gas in bag D. For seventeen such experiments, the bag gas 
concentration averaged 0-002% CO less than the continuous readings. This is just outside the 
reading error of the meter, and was presumed to result from incomplete bag emptying before the 
experiment began. Since, however, this error is less than 2% of the average mixed expired CO, it 
has been disregarded in subsequent experiments. The experiments were performed at different 
rates of breathing, and at all times the CO meter gave a steady reading on continuous sampling 


CD 


Infra-red | 
meter Me 


 CaCh 


Fig.1. Circuit Diagram. A,B, bags containing gas to be inspired ;C,D, expiratory bags; E,F,G,H,I,J, 
wide bore control taps; K, contact breaker; L, bellows type dry gas meter; M, mouthpiece 
valve box containing eight rubber flap valves, total dead space 75 ml.; N, 34 1. mixing chamber 
containing four-bladed propeller; 0,P,Q, sampling outlets; R, electric air pump; gas from this 
can be returned to the circuit if desired; S,, ., , 4, solenoid valves controlling sampling circuit ; 
U, flow control rotameter; W, pressure line to empty bags. 


Before onc experiment, the infrared meter was set to zero on dry air and its sensitivity checked 
against a standard cylinder of 0-04% CO. As described later, a zero correction was made during 
each experiment for ‘interference’ due to water vapour and expired CO,. The deflexion produced by 
these factors varies with state of ‘decay’ of the detector of the instrument and must be constantly 
checked, 

The procedure followed in using this circuit varied slightly in different experiments. In those of 
which the results are shown in Table 2, the subject sat quietly at rest in a chair for 5 min. He was 
then connected to the circuit, the taps being adjusted so that he breathed room air. With the fan N 
in operation and the solenoids 8, and 8, open so that the meter is sampling continuously from P, 
a zero reading (Z) is taken on the CO meter. Solenoid 8, is then closed and solenoid 8, is opened, 
and the subject is switched into 0-14% CO in air contained in bags A and B, The inspired gas 
concentration (F,) is read on the meter. 8, is closed and 8, again opened, and the mixed expired 
CO concentration is noted. This usually becomes steady in 1 min or less, but may vary either due 
to the fact that an equilibrium state has not been reached or due to variations in ventilation. The 

16-2 


| 
4 
| 
| 
we} 
S@ 
Relay 
circuit 
K rt 
meter F | 
L = | | 
| 
— — 
| 
‘) 
‘ 
its t 
+ 


240 D. V. BATES, NANCY G. BOUCOT AND A. E. DORMER 


next stage in the experiment is delayed until a steady mixed expired concentration is being re- 
corded, The fan N is now switched off, and solenoid 8, is closed and 8, is opened. Solenoid S§, 
is connected to the relay circuit actuated by K. Tap I is now turned so that the gas meter is con- 
nected to the inspired gas tank containing bags A and B. At the same moment tap G is turned so 
that all expired gas is collected in bag C; this gas is analysed for CO, and O, so that the appropriate 
B.Q. correction can be applied. For the next minute (timed by stopwatch) the gas meter will read 
the minute volume, and the meter will sample from O during each inspiration only. Initial experi- 
ments showed that during normal respirations, end tidal samples taken from O produced a stable 
reading on the meter after about seven respirations. The volume required to flush the meter and 
produce a stable reading was about 700 ml. Approximately the last 100 ml. of each expiration 
was being sampled. The exact volume taken into the meter on each ‘snatch’ will depend on the 
respiratory rate, but this disadvantage is more than offset in practice by the relative ease with 
which the samples can be obtained by some such device as this. The standard Rahn-Otis sampler 
is incapable of delivering samples of sufficient volume except over a relatively long period of time. 
The contact device (K) worked well when the tidal volume was large, but on some resting experi- 
ments the sampling relay circuit had to be actuated by a push button switch pressed by an 
operator who was observing the subject’s respirations. The respiratory rate was counted either by 
a post-office counter actuated from the same relay circuit from K, or by an observer counting the 
respirations by watching the gas meter, or, in the case of experiments on trained subjects during 
maximum exercise, by the subject counting his own respirations during the period of expired gas 
collection. After the period of 1 min of collection, the taps E,F,G,H are turned so that the subject 
is once again breathing air, and he is then disconnected. A length of 2-5 cm. diameter rubber tubing 
is now connected between the flexible mouthpiece and the valve box, so that the dead space is 
increased by 60 ml. The whole procedure is then repeated. In estimations during exercise, no 
observations were made until the subject had been exercising at the predetermined grade for at 
least 5 min. During duplicate runs on exercise (Table 3), measurements were made and samples 
collected within 2 min of each other while the subject continued his exercise. 

The subdivisions of lung volume Of these subjects were measured on the helium closed circuit 
apparatus previously described (Bates & Christie, 1950). The evenness of gas distribution was also 
measured on this circuit by the index of mixing efficiency. In all these subjects, this value was 
within the previously noted limits for individuals in this age group. This measurement becomes 
very important in patients, since any gross inequality of distribution of inspired gas will lead to 
considerable discrepancy between the end tidal gas sample and the mean alveolar gas tension. 


CALCULATIONS 


The following are examples of readings taken during one experiment: 
Dry air=0-0% CO. Calibration checked at 0-04% CO. 
Mixed expired gas during air breathing (Z)=0-01% CO. 


Inspired CO (F;)=0-137%. (This value provides a second calibration check 
at this range.) 


Mixed expired CO% =0-081 %. 


Correction of above by subtraction of Z and correction to dry gas (Fex)= 
0-074 %. 


End tidal CO% =0-064 %. 


Correction of above by subtraction of Z and sainittlae to dry gas (Fer) = 
056 %. 
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Minute volume (M) =25-9 1./min. 
Respiratory rate (R)=19/min. 
Hence tidal volume (V7) = M/R=1362 ml. 


Assumed value of subject’s dead space plus 75 ml. of instrumental dead 
space = Vp. 


By the use of the equations which are set out in the Appendix, the following 
quantities may be calculated from this information. 

(a) Deol. The overall pulmonary diffusing capacity may be calculated by 
dividing the rate of uptake of the gas, by the mean alveolar CO tension cal- 
culated from Bohr’s equation, the assumed dead space value being used. This 


_ value, which is bound to be approximate only, has been guessed from the 
subject’s stature, the values varying from 120 to 150 ml. for men, and from 65 


to 110 ml. for women. 

(6) Dog II. The overall diffusing capacity may also be calculated by 
assuming that the end tidal sample represents the mean alveolar CO tension, 
and dividing the rate of CO uptake by this. Since the end tidal CO is the lowest 


likely value of mean alveolar CO concentration, the diffusing capacity so 
calculated will be the highest likely value. 


(c) Dog III. A maximal likely value for the mean alveolar CO tension may 
be calculated by a manoeuvre similar to one used by Krogh & Krogh (1910). 


_ Knowing the lung volume at the end of a normal expiration (FRC) and the 


concentration of CO it contains (F,) and knowing the increment added (Vr) 
and its CO concentration (F;), the concentration of CO in the lungs at the 
end of inspiration can be calculated. Recent evidence (Prime, unpublished) 
indicates that the FRC is little changed on exercise. No correction is made for 
CO disappearing into the blood, and a maximal likely alveolar CO value is 
taken to be the mean of this ‘end inspiration’ CO concentration and the mea- 
sured end tidal sample (F,7). The diffusing capacity calculated from this 
maximal value of alveolar CO tension ri represent a minimal likely value for 


the diffusing capacity. 


(d) Doo IV. This, the mean of Doo I and Dog III, is taken to vein the 
most likely value of the overall pulmonary diffusing capacity, since Dog IT and 


Doo III set the upper and lower limits respectively. 


__(e) The respiratory dead space can be calculated from Bohr’s equation, 
making the assumption that the end tidal sample (Fer) represents snd mean 
alveolar CO. 

Details of these equations are shown in the Appendix. 
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The physical characteristics of the subjects studied are shown in Table 1. In 
Table 2 are shown the results of the experiments on them; full protocols of the 
estimations are not given. Every experiment on every one of these subjects is 
given in this table. These results can be analysed most conveniently under 
number of different headings. eat 


TasxE 1, Details of subjects 


Body 
Age Height area VC FRC Athletic 
Subject Sex (yr) (in.) (m*) (L.) (L). Smoking activity 
AED M. 32. 72 1-90 60 441 0 ++ 
DVB M 32 70 2-01 43 227 + 3 0 
NGB F 27 664 1-65 34 2-68 0 0 
FLE M 30 71 1-88 5-4 4-61 + 0 
PGB M 4! 7 2-10 60 619 + 0 
TDC M 2 1-85 48 3-32 + + 
JHL M32 71 1-98 54 3-71 ++ + 
RGB M 623 73 1-90 5-1 2-93 0 +++ 
JE F 22 62 1-52 34 2-06 0 + 
PH M_ 32 734 2-14 60 450 + + 
JW F 18 64 1-69 34 2-72 ~ + 
RWS M 365 66 1-76 41 1-67 0 0 
JFF F 29 634 1-64 43 2-50 + 0 
AW M 22 74 1-95 60 4-78 0 0 
JP M 2 70 1-85 48 3-08 0 0 
WGH M 2% 71 1-92 41 2-93 + ++ 
DHB M 22 73 1-81 55 437 0 
TWF M.. 2 71 1-83 44 2-59 ++ 0 
ASW M 234 75 2-20 3-7 3-47 + ++ 


The tobacco consumption is graded as follows: 0=non smoker, + =less than 10 cigarettes/day 
or 202 tobacco/week, + +=any consumption in excess of +. Athletic activity is graded: 
0 =no sport within the last 2 years, + =some form of regular competitive sport within last 2 yr, 
+ + =previous high grade competitive sport but not in training, + + + =first class competitive 
sport and in training. VC, vital capacity; FRC, functional residual capacity. 


_ Agreement between the differently calculated values for the pulmonary diffusing 
capacity. It will be seen that the highest and lowest likely diffusing capacity 
values (Dogo IT and III) fall within fairly narrow limits, and the mean of these 
two values (Dog IV) seems likely therefore to provide a reasonable estimate of 
it. Krogh noted the occasionally very high values of Dog obtained when the 
breathing was shallow, if it was calculated from an assumed value for the res- 
piratory dead space. He found, in an experiment on Marie Krogh, that with a 
tidal volume of 700 ml., the calculated Dog was 26, but if the tidal volume 
dropped to 480 ml., a value of 79 was obtained (Krogh & Krogh, 1910). This 
experiment is repeated in several cases, the estimate on JE providing an al- 
most exact parallel. It will be seen that although Dool gives a value of 71, 
Doo IV is only 11-5. It is clear that the resting diffusing capacity cannot be 
safely determined from an assumed value of dead space if the tidal volume is 
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small. Other subjects (DHB, TWF) show a similar falsely high value for 
Dool. No such discrepancy between DooI and Dog IV occurs during exercise 
when the tidal volume is large. The false estimates of diffusing capacity that 
result from assuming a reasonable dead space value when the tidal volume is 
small, are almost certainly due to the same mechanism that has been shown by 
Briscoe, Forster & Comroe (1954) to result in some degree of alveolar ventila- 
tion when the tidal volume is smaller than the measured anatomical dead 


_ space. In the subsequent results to be analysed below, Doo IV will be taken as 


the best estimate of diffusing capacity. 

Effect of 60 ml. of added dead space. The addition of this added dead space 
made no significant difference to the resting Doo. 

Repeated estimates of resting diffusing capacity in one individual on different 
occasions. Experiments on RWS show the relative constancy of the diffusing 
capacity on different occasions. These results are summarized in Table 3. It 
will be noted that the diffusing capacity is not dependent on tidal volume, a 
result to be expected from the work of Forster, Briscoe & Bates (1954). 

Constancy of immediately consecutive determinations of Doo on exercise in one 
individual. Full results of this group of experiments are not given in Table 2, 
but are summarized in Table 3. One estimate of Dog I was made after 5 min of 
exercise and repeated 2 min later while the subject continued to exercise at the 
same rate. These paired observations show a 8.D. of 1-9, from which it may be 
inferred that the likely error of a single determination is in the region of 4-0 


if physiological constancy from minute to minute can be assumed. 
_ Resting values of pulmonary diffusing capacity. There are three points of 


interest in these figures: first, the erroneously high values of diffusing capacity 
given by Doo! as pointed out by the Kroghs and noted above; secondly, there 
is considerable individual variation in this value, more than can be ascribed to 
technical error. This is in agreement with results obtained by Filley e¢ al. (1954). 
It may be that some variation would disappear if all subjects were in a strictly 


basal state. Thirdly, there appears to be no correlation between the resting 
Doo and any of the variables in this group of subjects (see Fig. 2a). 


Moderate exercise in normal subjects. It will be noted that when the tidal 


_ volume increases in exercise, the calculated Dogg usually falls between Doo II 


and Doo III, and hence there is little discrepancy between DggI and Doo IV. 
DooI represents the Doo calculated from an assumed constant dead space, 
and Doo II that calculated from a measured end tidal sample. Had the dead 


| space been calculated from this sample, it would have had the value shown in 
_ the last column in Table 2. It is interesting to see that though there may be 


considerable discrepancy between the assumed dead space and that calculated 
from the Bohr equation based on the end tidal CO concentration, there is only 


_ Small disagreement during exercise between Doo! and Doo II. This reflects the 
‘Telative unimportance of the actual dead space value in the calculation of the 
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TaBLE 2, Results on normal subjects at rest and exercise 


Diffusing capacity 

Ass. (ml./min/mm Hg) Bohr 

Subject R/Ex vol. min (ml.) Dooll Dgolll DooIV (ml.) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
AED 612 17 215 26:2 244 212 228 #212 
1360 19 216 #369 352 381 303 
DVB R 648 15 205 23-1 19-4 213 233 
R* 574 13 265 246 166 #4140 # £153 226 
Ex 1645 15 205... 31-2. 382 224 268 . 207 
NGB R 440 23 185 186 113 166 
R* 525 19 245 101 - 1061 9-1 96 244 

Ez 988 25 18 253 23 220 6.231 1456 

FLE R 1196 ll 205 279 328 246 287 280 


R* 1245 11 265 242 278 #j.219 #j4248 $325 
Ez 2270 13 205 394 45-1 40-1. 451 
PGB R 636 14 225 #214 22:0 19:2 206 230 
R* 696 14 285 20-4 21-9 192 205 296 
Ez2 2080 2 225. 349 360 324 342 324 


RGB R 722 15 225 29-8 28-6 22-5 255 218 
Ex i 22 225 442 373 34:2 35:7 156 
Ez 2 1462 24 225 425 453 378 415 285 
JE 350 13 140 = 71-0 12-4 10-6 11-5 67 
R* 491 12 200 16-5 13-8 11-0 12-4 182 
Ex 1 1610 10 140 19-4 23:5 182 209 370 
Ez 2 1522 21 140 248 268 249 308 
PH 554 12 215 14-0 12-6 133 125 
Ex 1483 15 215 356 426 347 386 349 
JW R 494 16 145 23-5 19-4 16-4 17-9 118 
R* 556 16 205 «= 228 14-1 12-6 13-3 146 
Ex 864 22 145 249 264 229 246 138 
Ez 2 1310 27 145 290 282 256 ° 26-9 103 
RWS R 700 10 195 16-3 14-7 12-3 13-5 171 
R* 806 8 265 17:1 15-2 11-9 13-5 240 
R 1165 6 195 14-2 15-9 12-1 140 249 
R 1415 6 195 12-6 18-6 13-4 16-0 459 
me. 1300 6 265 13-6 17:5 12-7 15:1 402 
R 682 11 195 29-0 22:5 17-4 19-9 155 
R* 570 10 265 15-9 15-7 11-9 13-8 253 
Ex 1 1320 14 195 196 22-6 18-8 20:7 340 
Ex 2 1710 18 195 242 258 22-4 241 335 
JFF R 600 15 175218215 17:8 19-6 173 
R* 724 15 235 20-5 20-6 17-4 19-0 242 
Exl 1665 15 175-241 278 229 253 393 
Ex 2 1985 19 175 27-4 23-9 256 353 
AW . R 490 16 225 21-2. 12:2 17-0 227 
R* 877 15 285 17-1 26:3 180 22:1 403 


@ 
} 


TDC R 490 16 19 15 100 105. 189 
4 R* 565 17 255 218 132 119 «%+4126 167 
Ex1 19 195: 322 326 278 302 219 
Ex2 1575 20 195 30:7 323 280 30-1 276 
JHL R 533 15 215 200 185 160 172 128 
R* 550 13 275 227 «86140 121 131 234 
Exl 215 312 383 300 341 436 
Ex2 1790 17 215 295 310 270 290 302 
q 
q 
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TABLE 2 (continued) 
Diffusing capacity — | 
(ml/minjmm Hg) ‘Bohr 
Subject vol. min (mb) Deol Deol Deolll DeolV  (mi.) 


JP R 458 20 205 221 15-0 13-8 14-4 162 
R* 427 20 265 27:4 10-8 9-9 103 212 
Ez il 1041 23 205 44294 200 251 270. -197 
Ez 2 1361 24 205 «254 259 27 «+248 # 317 
WGH R 550 14 215 141 15-1 129 40 176. 
R* 634 12 275. 235 198 15-4 176 256 
Ex 1 1415 14 215 22 WO 245 
Ex 2 2190 15 215 «6339 
DHB R 768 ll. 233 
R* 531 13 285 41950 218 #180 19-9 230 
Ez 2145 ll 225 384 494 376 43:5 
Ex 2 2175 17 225 382 415 344 379° 410 
TWF R 438 16 215 586 138 11-9 12-8 132 
R* 466 15 275 93-0 12-7 10-8 11-7 
Ez l 985 18 215 «#229 4240 204 #222 ..24 
ASW R 795 16 215 = 288 — 


Ez 1 2130 14 215 36-6 
Ez 2 3160 28 215 53-0 


Column 2. R=rest, R* =rest with 60 ml. added dead space, Hx 1=3 miles/hr on the flat, 


_ Ea 2=3 miles/hr at grade 1: 10-7. Column 5: the figures in this column show the ‘guessed’ value 


of respiratory dead space plus 75 ml. of apparatus dead space. Columns 6, 7, 8, 9: see text and 
Appendix for details of these differently calculated values for the diffusing capacity. DooIV is 
considered to be the best estimate on theoretical grounds. Column 10: this shows the value of total 


dead space calculated by Bohr’s equation (see Appendix for details). 


diffusing capacity when the tidal volume is large. The average increment in 
diffusing capacity between rest and walking at 3 miles/hr on the flat was 13-2 
ml./min/mm Hg. In most cases there was no further increase, although the 
rate of working was quadrupled by tilting the treadmill to a slope of 1 in 10-7. 
This finding is in accord with the ‘plateau’ of diffusing capacity on effort 
described by Riley et al. (1954) and Filley et al. (1954), though it is clear from 
Table 4 that some subjects do not reach their maximal diffusing capacity at 
this grade of exercise. For a subject weighing 12 stone, walking at 3 miles/hr 


_ on the ‘flat’ is equivalent to a work load of approximately 140 kg.m/min, with 


an 0, consumption of about 1-21./min. Equivalent values with the treadmill 
at a slope of 1 in 10-7 are 620 kg.m/min and 2-21. of oxygen per min. 

Doo on maximum effort. In two subjects, DVB and AED, work was pushed 
to the limit of tolerance to determine whether any rise in diffusing capacity 
occurred at these levels of exercise. The results are shown in Table 4. DVB was 
a non-athletic subject. AED was in fairly good training, and had taken part in 
competitive athletics, and 4 yr before had been among the ten fastest half 
milers in the country. The disparity between these two subjects can be seen 


from the results, The discrepancy between the values for the diffusing capacity 
increases with progressively severe exercise, reaching finally a stage when the 
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Doo of AED is nearly double that of DVB. It seems likely that this is related 
to the relative athletic abilities of the subjects, and is also probably influenced 
by the larger FRC in AED. More work will be required to clarify this point. 


Tance 3. Analysis of results 


mi./min/ 
No. of mm Hg 
obs. mean Range 8.D. 
Resting values of Dog IV 18 17-6 10-5-28-7 +5-0 
of with 60 ml. 15 15:8 9-6-24-8 +4-4 
Repeated of Doo IV in one 
individual (RWS) at rest 
Difference between consecutive estimates of 28 0-2-4-5 
Doo! in one subject on exercise 
Exercise Dog IV at 3 miles/hr, flat 1) 18 30-8 20-7-43-4 +63 
Exercise Dog IV at 3 miles/hr, 4 slope, ; 12 31-9 24-1-47-0 +71 
grade 1:10-7 (Hz 2) 
Increment of Dog IV between rest and 18 13-2 §-5-25-3 +55 
3 miles/hr flat (Zz 1) | 
(60 ml.) as estimated 15 +176to -22 +57 


TaBLE 4, Comparison between two subjects 


Speed, miles/hr 


pe Nil Nil l1ind3 lin 53 
Work in — 143 139 1830 1680 
vol., 1./min 10-4 269 246 136 107 

Resp./min. 17 15 19 15 36 52 
uptake, l/min — 1-6 1-2 4:76 3-68 
Doo, mi./minjom Hg 25:2 20-2 369 312 173-5 41-5 


Accuracy of dead space measurement from the Bohr equation. Since the actual 
volume of the respiratory dead space in these subjects is not known, no direct 
comparison can be made. The experiments with a 60 ml. added dead space, 
however, enable this value to be compared with the increment shown by the 
Bohr equation. The variability of the Bohr calculated figures is evident, 
although the mean value for the added dead space is 61 ml. It is of interest 
to note that the calculated Bohr value of the dead space increases on exercise. 
as noted by many other workers using different gases—most recently by 
Bannister, Cunningham & Douglas (1954). It is to be expected that the end 
tidal sample will become less representative of the mean alveolar CO tension if 
the duration of expiration is prolonged. This fact, and the additional factor 
of the increased rate of gas exchange on exercise, probably account for the 
difference. Bannister & Cunningham (1954) prefer to ascribe it to relative over- 
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ventilation of underperfused alveoli on exercise, and it is not yet — to 
say definitely how likely a factor this is. 

_ Relationship of diffusing capacity to individual variables. In Table L are iaieri 
the physical characteristics of the subjects studied, together with an assess- 
ment. of their athletic ability and smoking habits. With so many possible 
factors to influence the diffusing capacity, a very large number of subjects 
would have to be studied before a formal statistical multiple correlation could 
be attempted between these variables and the diffusing capacity. A preliminary 


study of the results indicated, however, a striking relationship between the 


functional residual capacity (FRC) and the diffusing capacity on exercise. 
There is nosimilar relationship at rest. These findings are illustrated in the two 
parts of Fig. 2. Since the FRC is fairly closely correlated with height, there is 


_ asimilar—but less exact—relationship between the exercise diffusing capacity 
and the height. Since the vital capacity (VC) is also related to height, this too 


is related very indirectly to the level of diffusing capacity found on exercise. 

It seems likely that the FRC is the determining factor among these relation- 
ships, and Fig. 2 has been plotted with this as the abscissa. In the two parts of 
this figure, the sex, tobacco consumption, and athletic ability of each subject 
is indicated by an appropriate identification. It seems clear that the women 
have generally lower values of diffusing capacity by virtue of their smaller 


_ functional residual capacities. There is no evident relationship to smoking. Al- 


though in the majority of subjects, athletic activity does not seem an important 
factor, yet it should be noted that the only + + + athlete (RGB) had a some- 
what higher diffusing capacity at this moderate grade off exercise than would 


_ have been predicted from his FRC. Cohn, Carroll, Armstrong, Shepard & 


Riley (1954) have noted the influence of age on the maximal diffusing capacity, 
and their equation for the prediction of this value is based on the age and height 


. of the subject. The age range in this group of subjects is small, but there appears 


to be no close relationship to diffusion capacity in these subjects. The only 
pointer in this direction is that the diffusing capacity of the oldest subject 


(PGB) was rather Jower than might have been predicted from his FRC. It 


seems, therefore, that the most significant correlation in this small group of 


- subjects at this grade of exercise is between the exercise diffusing capacity and 


the FRC. It might be objected that those of larger stature, being heavier, were 
doing more work at this grade than smaller people. While this is true, the dif- 
ference is not large, and it seems unlikely to have influenced the results; 

since the increment of diffusing capacity between 3 miles/hr on the flat and 
3 miles/hr at a slope of 1 in 10-7 was negligible (see Table 3). The explanation 
of this correlation is probably that in those with a larger FRC, there is a greater 
total quantity and surface area of blood exposed to the gas per ‘unit’ of ventila- 


_ tion. Forster, Briscoe & Bates (1954) have found that the pulmonary diffusing 
_ Capacity at rest is unaffected by the general level of breathing being altered 
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by varying the FRC. This finding probably means that this manoeuvre does 
not change the pulmonary capillary blood volume in one individual, and 
the observation is therefore not at variance with the findings reported 
here. 


Or a 
a Oo 
hee A 
> 10 Male 
Non-smoker 0 * 
Smoker A + 
| Non-smoker © 


Functional residual capacity in litres 


15 


14 18 +222 «226 42 


Functional residual capacity in litres 


Fig. 2. (a) The value of the resting Doo does not bear any relationship either to the functional 
_ residual capacity or to any of the individual variables indicated. (b) The exercise Dgo is 
related to the functional residual capacity, It does not appear to be influenced by the other 
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individual variables indicated. It is of interest that the rather high Dog at an FRC of 2-9 1. 


is that of the most athletic subject (RGB), and the point furthest to the right which is some- 
what lower than the others of equivalent FRC, is that of the oldest subject in the series (PGB). 
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In Table 5 the results of estimates of the pulmonary diffusing capacity with 
this technique are compared with those of other workers. In view of the 
varying levels of exercise used, and the wide individual variation, there is a 
generally satisfactory agreement between these figures. The close agreement 
between Filley’s results (Filley e¢ al. 1954) and those in this series lends support 
to the conclusion that a good estimate of the overall diffusing capacity 
can be made during a continuous breathing experiment without blood gas 
analysis, The method therefore is particularly suitable for use in clinical 


TaBLE 5. Comparison with other estimates of Doo 


‘Moderate’ 
Author Agerange At rest exercise* 
M. Krogh (1915) 20-50 18-40 
Boje (1934) 25-60 18-35 32-46 
Lilienthal e¢ al. (1946) 28-36 #98-202¢ 40-61* 
Riley et al. (1954) 17-40 14t 34-63* 
Filley e¢ al. (1954) 20-45 13-30 23-55 
Present authors 18-41 10-5-29  21-43-5 


_ * Tt will be realized that there is considerable variation in the level of exercise used by different 


authors. 
t Note: values converted from Do, to Doo by dividing by 1:23 (Krogh & Krogh, 1910), 


Recently Forster, Fowler & Bates (1954) have analysed the theory of carbon 


monoxide transfer in the lungs, and their work points to several general con- 


‘clusions of importanice in the interpretation of the results of the present study. 


The overall Dog measured by any steady state technique is dependent on the 
balance between ventilation and diffusion within the lung. Interference with 


this balance (by impairing the evenness of gas distribution without a parallel 


change in diffusion for instance) will lead toa lower figure for the overall diffusing 


_ Capacity, without there necessarily being any defect in diffusion in any part of 


thelung. It has been suggested that all such overall indices of diffusing capacity 
should therefore be prefixed ‘apparent’. This suggestion has not been adopted 
here, partly for convenience, and partly because the estimate of diffusing 
capacity during a breath-holding experiment is also ‘apparent’ in the sense 
that it is dependent to some extent on the balance between contained gas 
volume and diffusion within the lung. Since both are ‘apparent’ in two 


- different senses, the term may be dropped provided that the limitations of 


éach are remembered. Apart from this qualification, the pulmonary diffusing 
capacity is influenced by a wide variety of factors. The kinetics of COHb 


_ formation, and the actual volume of pulmonary capillary blood at any one time, 
both play important parts in determining its value, in addition to the effect 
€xerted by the pulmonary ‘membrane’. It has been pointed out by Roughton 
(1945) that under certain kinetic conditions, the assumption of a zero back 
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pressure of plasma CO may be erroneous, and this will affect the value found 
for the diffusing capacity. Further work on this important aspect is required 
before the matter can be taken further. The inter-relation of diffusing capacity, 
kinetics, and the pulmonary capillary blood volume was used by Roughton 
(19455) in his most ingenious calculation of the latter value. It is likely that 


the increased pulmonary diffusing capacity of exercise is to be explained by an 


increase in pulmonary capillary blood volume, though it is important to realize 
that this volume is not directly nor necessarily dependent on the rate of blood 
flow through the lungs. Whether in the case of those (such as AED in this 
series) capable of a much greater increase in diffusing capacity than others, the 
whole explanation lies in such an increased pulmonary capillary blood volume 
is not so certain. It may well be that the permeability of pulmonary epi- 
thelium and capillary play some part. Future work on the kinetics of the 
reactions of CO-with haemoglobin may enable these effects to be separated. It 
is intriguing to speculate whether a man is athletic because he is capable of a 


great increase in diffusing capacity, or whether he improves his diffusing 


capacity as a result of athletic activity. No solution to this problem is provided 
by the figures in this study, which are only adequate to suggest that there may 
- be some relationship between athletic ability and the pulmonary diffusing 
capacity. 

The variability of the pulmonary diffusing capacity, and the possibility that 
under conditions of severe hypoxia it may increase greatly beyond the value 
found in. these experiments, indicate that the term ‘diffusion constant’ 
should be dropped in describing this measurement. The variability found also 
suggests that transposition of values for the pulmonary diffusing capacity 
obtained under one set of circumstances to different conditions may be quite 
misleading. The difficulty noted by some authors (Barcroft, 1914; Roughton, 
1944) in accounting for rates of oxygen uptake at altitudes, on the basis of a 
predetermined pulmonary diffusing capacity, should be reviewed in the light 
of this knowledge. 

SUMMARY 
_ 1, A respiratory technique using carbon monoxide is denccibed for the 
measurement of the pulmonary diffusing capacity during steady state condi- 
tions at rest and exercise. 

2. The effect of differently calculated values of mean alveolar CO tension 
on the diffusing capacity is discussed. : 


3, It is shown that end tidal sampling is essential for a reliable estimate o! 


resting diffusing capacity. On exercise the value calculated from an assumed 
value of anatomical dead space agrees well with values calculated from 
measured end tidal samples. It is concluded that this technique is suitable for 
the measurement of the pulmonary diffusing capacity, and particularly 
applicable to clinical research since no blood sampling is required. 
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4. Nineteen normal subjects have been studied at rest and during exercise 
on a motor-driven treadmill. The resting diffusing capacity (CO), Doo is not 


apparently related to age, sex, stature, functional residual capacity of the 


lungs, smoking habits, or athletic ability. On exercise, however, the Doo is 
related to the measured functional residual capacity. There was no close 
correlation with age, but the range of age difference in the group was small. 


The most athletic subject had a higher Doo, and the oldest member of the 
series a lower Dog than might have been predicted from their respective lung 
volumes. 


5. The day-to-day variation in resting diffusing capacity in one subject 
was from 13-5 to 19-9 ml./min/mm Hg. The standard deviation of the difference 
between immediately consecutive estimates on exercise was 1-9. 

6. The mean resting Dog was 17-6 ml./min/mm Hg. At 3 miles/hr on the 
flat the mean Doo was 30-8, and at the same speed at a grade of 1:10-7 the 


mean Doo was 31-9 


7. Detailed comparisons between one athletic and one non-athletic subject 
in the series showed a striking difference between the Doo on maximum effort 
in the two subjects. The athlete reached a Doo of 73-5, and the non-athlete 


‘41-5, There is insufficient evidence as yet to show whether a high sian of 
athletic ability is dependent on a high Doo. - 


We wish to record our thanks to Prof, R. V. Christie for his encouragement of this work, to 


Dr C. M. Ogilvie for assistance in some of the experiments, and to Mr Bartlett for skilled technical. 


assistance. We are very grateful to Prof. F. J. W. Roughton for his helpful criticism of the 
manuscript. 


APPENDIX 


_ Symbols: Doo = Diffusing wien (CO) in ml./minjmm Hg 


P, =Barometric pressure, mm Hg 

V, =Tidal volume 

=Respirations per minute 

V, =Functional residual capacity 

Vp =Dead space (includes instrumental dead space) 

F, =Inspired 

F zx = Mixed expired } Carbon monoxide concentration aTrD 
F yr =End tidal 


a) Doo! calculated from an assumed value of the respiratory dead space: 


x Rx (Fy ~ 
Pool = V7 — FV p) x (Py - 47) 
(6) Doo II calculated on the assumption that the end tidal sample represents the mean alveolar 
tension: 


Diy VexRx(F,- Fx) Hg. 


Fur x(P,- 47) 
represents the lowest likely value for the mean alveolar tension, the 
Deo calculated from this equation is a maximal value. 
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= Calculation of maximal mean alveolar tension: 
max alv. concentration at end of inspiration = 


+ Ve 
The maximal likely mean alveolar concentration is taken as the mean between this value and F;,. 
Doo ITT is then calculated by substitution of this value for Fz, in the equation in section (b) 
above. Since this value of mean alveolar tension is the highest likely, the Doo calculated from it 
(Doo IIT) will be the lowest likely value. 


(d) The dead space may be calculated from Bobr’s formula, if it is assumed that F ET representa | 


the mean alveolar concentration. 
This is the ‘ Bohr-calculated’ dead space. 
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THE MECHANISM OF THE FUNCTIONAL HYPERAEMIA 
IN THE SUBMANDIBULAR SALIVARY GLAND : 


By 8. M. HILTON ann G. P. LEWIS* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 3 January 1955) 


Several workers have carried out investigations on the mechanism of the 
vasodilatation in the submandibular salivary glands after chorda stimulation, 
the majority assuming that there are special vasodilator fibres in the chordo- 
lingual nerve. Following the suggestion of Barcroft (1914) that metabolites 
resulting from glandular activity are responsible for the vasodilatation, it has 
been shown (Hilton & Lewis, 1954, 1955) that such vasodilator fibres do not 
exist. Employing the method of circulatory arrest (Lewis & Marvin, 1927), 
a stable vasodilator substance could be retained within the activated gland to 
exert its full effect several minutes after the period of activation. Further, in 
perfusion experiments, the effluent collected during chorda stimulation was 
found to possess vasodilator activity. 

The present experiments deal with the mechanism of this vasodilatation 
and suggest that, during glandular activity, an enzyme diffuses out of the 
gland into the perfusate. This enzyme acts on plasma proteins to form a 
vasodilator substance which is indistinguishable from bradykinin. A similar 
enzyme is present in saliva and by virtue of its action on plasma proteins is 
thought to be responsible for the known depressor effect that saliva exerts on 
intravenous injection (Secker, 1934; Feldberg & Guimarais, 1935; Emmelin & 
Henrikson, 1953). 


METHODS 
Most of the experiments were performed on cats under pentobarbitone (40 hae anaesthesia. 
The preparation of the submandibular salivary gland for the collection of saliva, the isolation of 
the arterial inflow and venous outflow, and stimulation of the chordo-lingual nerve were carried 
out in the manner previously described (Hilton & Lewis, 1955). The lingual artery was cannulated 
for the purpose both of arterial injection and of intermittent perfusion, also carried out as pre- 
Viously described. The venous outflow was measured, using a photo-electric drop-recorder (Hilton 
& Lywood, 1964), drop formation being registered either with a Thorpe impulse counter or with 


~ @ Gaddum drop-timer. The fluid used for perfusion was oxygenated Locke’s solution. The nerve 


was stimulated with square waves of 5 V and 0-5 msec duration at 10/sec. 


* Beit Memorial Research Fellow. 
17 PHYSIO. CXXIX 


253 
| 
T 
(b) 
tom Tis 
it 
| 
ts 
| 
i 
te 
put 
4 
ii 
| 
BI 
ae 
° 
i 
al 
ast 
en 
4 
on 
J 
Di, 
an 
ry 


254 : S. M. HILTON AND G. P. LEWIS 


One femoral vein was cannulated for intravenous injections, and the femoral artery of the other 
leg for the blood pressure record. Heparin (10 mg/kg) was injected into the vein cannula before 
any other vessels were opened. 

A few experiments were performed on dogs under pentobarbitone (40 mg/kg) anaesthesia. The 
saliva was collected, arterial injections were made, and the venous outflow was measured after 
a preparation had been carried out closely analogous to that of the cat. 

Isolated preparations of smooth muscle tissues 

Strips of intestine of guinea-pig (ileum) and of rabbit (duodenum) were mounted in a 15 ml. 
organ-bath containing magnesium-free Tyrode solution, oxygenated with 5% OO, in O, and 
maintained at 34° C. In some of the experiments in which the smooth muscle contracting activity 
- of a mixture of saliva and plasma was being tested, and when the active substance was assayed 
against bradykinin and substance P, mepyramine 1 pg and atropine 0-4 ag were added to the bath 
at each washing. Isolated rat uterus and rat colon were mounted in de Jalon’s solution and main- 
tained at a temperature of 29-30° C, Uteri of non-pregnant rats were used, the whole of one horn 
being mounted, The colon (first part of the ascending colon) was sometimes maintained at 25° C 
in order to reduce spontaneous movement (Gaddum, Peart & Vogt, 1949). 


Preparation of an active powder containing the vasodilator and smooth muscle stimulating substance 

The preparation of the powder was carried out by a modification of the procedure described 
by Rocha e Silva, Beraldo & Rosenfeld (1949) for the preparation of bradykinin. A ‘globulin 
solution’ was prepared from human plasma by mixing it with its own volume of saturated 
ammonium sulphate, dissolving the precipitate obtained in two-thirds of the original volume of 
distilled water, and dialysing against running tap water for 48-72 hr. Samples of this ‘globulin 
solution’ were then mixed with cat or dog saliva and the mixtures examined for smooth muscle 
stimulating activity, in order to find the optimal proportions of each for full development of this 
activity. The bulk of the ‘globulin solution’ was then incubated with the appropriate volume of 
cat or dog saliva for 2 min at 37° C, after which treatment the mixture was poured into two 
volumes of boiling ethyl alcohol, was boiled for “ep Saigaiearecemmonaam solution obtained 
after filtration was concentrated in vacuo and dried. 


RESULTS 


Two series of experiments involving pressure changes within the duct am 
of the submandibular salivary gland suggested that the vasodepressor principle 
present in saliva could also be responsible for the vasodilatation in the gland 
following chorda stimulation. First, a water-column of adjustable height was 
connected to the cannula tied into Wharton’s duct. When the hydrostatic 
pressure in the duct was suddenly raised, the vessels of the salivary gland 
dilated, and the dilatation continued for some time after the pressure was 
returned to zero (Fig. 1). The extent of the dilatation was dependent on the 
height to which the pressure in the duct system was raised, the higher the 
pressure the greater being the vasodilatation in the gland. Secondly, when the 


chorda was stimulated for 20 sec while Wharton’s duct was occluded, the . 


initial vasodilatation during chorda stimulation was followed by a second 
phase of intense vasodilatation which long outlasted the period of occlusion of 
the duct (Fig. 2). The initial vasodilatation was less intense than the norma! 
response to chorda stimulation, and this reduction is due to the high pressure 
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which develops in the duct system during secretion. This was shown in further 
experiments with the cannula connected to the water column, when it was 
found that the higher the pressure against which the gland had to secrete, the 
smaller became this initial vasodilatation. The high pressure which is produced 
during secretion against a complete obstruction is naturally also responsible 
for the prolonged, intense vasodilatation which develops under these cir- 
actor or 2 min after the beginning of chorda stimulation. In such an 


5 min 
interval 


Pa 


mm Hg 


90 & 


‘Time 30 see 


(a) (b) (c) 
Fig. 1. Dog, 9-1 kg. Records of venous outflow from submandibular salivary gland (Thorpe 
impulse counter) and of arterial blood pressure. Effects of 20 sec stimulation of chorda 
tympani (a), and of raising hydrostatic pressure in Wharton’s duct to 90 mm Hg (from b to c). 


3 experiment (Fig. 2) the prolonged vasodilatation is greater than that seen in 


the experiment of Fig. 1 which was produced by raising the pressure in the 
duct to 90 mm Hg. This suggests that the pressure which developed in the 
duct during secretion was even higher. 


If the pressure in the duct system of the gland was raised for long periods. 
of time, the gland became obviously damaged, but following short periods of 


raised pressure there was no evidence of injury to the gland, which continued 


to respond normally to stimulation of the chorda tympani, both with regard _ 


to secretion and vasodilatation. 
Experiments with salwa 


It was readily confirmed that saliva from the cat and dog has a depressor 
action when injected intravenously into these animals. It could, further, be 
shown that saliva has a strong vasodilator action when injected arterially into 


the salivary gland. In most experiments, even 0-2 ml. of a dilution of 1 in 1000 
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caused a definite dilatation, as illustrated in Fig. 3. On the other hand, saliva 


had no action on the guinea-pig’s ileum preparation suspended in Tyrode 


solution, as was shown by Feldberg & Guimarais (1935). 
The fact, that saliva produced vasodilatation when injected into the blood 
stream but has no action on smooth muscle preparations suspended in 


= oon 
> 
130 
B.P. 
mm Hg 
99 
Time 30 see 


(a) (9) (<) 
Fig. 2. Dog, 9:1 kg. Records of venous outflow from submandibular salivary gland (Thorpe 
impulse counter) and of arterial blood pressure. Effect of 20 sec stimulation of chorda tympani 
(a and b). Wharton’s duct was clamped between (a) and (b), and clamp was removed at (c). 


mm Hg 
120 


Time 30 see 


(a) 

Fig. 3. Dog, 11-8 kg. Records of venous outflow from submandibular salivary gland (Gaddum 
drop-timer) and of arterial blood pressure. Effects of 20 sec stimulation of chorda tympani 
(a), and of arterial injections of 0-2 ml. 0-1% saliva (6), 0-2 ml. 1% saliva (c), and 0-2 ml. 
saline (d). 
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- artificial salt solutions, does.not necessarily mean that.t contains a vasodilator 


substance which has no smooth muscle stimulating action on the guinea-pig’s 
ileum. It is possible that the vasodilator substance is formed by the action of 
saliva on some constituent of the blood, in which case it would not be present 
when saliva is tested on smooth muscle preparations suspended in saline solu- 
tion. In fact, it was found that when saliva was allowed to come into contact 
with blood or even with plasma, the mixture acquired a he, smooth muscle 
stimulating action on the guinea-pig’s ileum. — 


(8) 


Fig. 4. Guinea- bie’s ileum suspended i in 15 ml. Tyrode solution. Effects of 0-05 yg histamine 


(a), 0-2 ml. 0-5% cat saliva (b), 0-2 ml. cat plasma (c), and of mixtures [a 2 min of 
0-2 ml, plasma with 0-1 mi. (d) and 0-2 ml. (e) of 0-5% saliva, 


Incubation of saliva with plasma. Diluted saliva from the cat was incubated 
for a short time with cat’s plasma and the mixture tested on the guinea-pig’s 
ileum. The result of such an experiment is illustrated in Fig. 4, in which are 
seen the effects of 0-2 ml. of 0-5 % saliva, of 0-2 ml. of plasma, and of a mixture 
of both after incubation for 2 min. Saliva and plasma alone were inactive 


(at b and c). The. mixture, however, produced a strong contraction: that at d 


was produced by 0-2 ml. plasma incubated with 0-1 ml., and the stronger one 
at e by the same volume of plasma incubated with 0-2 ml. of 0-5% saliva. 
When incubation was continued for more than a few minutes, the activity 
of the mixture gradually diminished. This is illustrated in Fig. 5. The first 
contraction (a) was obtained 1 min after the two fluids were first brought 
together. This was the time taken to mix the fluids and transfer 0-2 ml. of the 
mixture to the organ-bath. The contractions at b, c and d were obtained with 
the same volumes of the mixture after further incubation for 3, 6 and 12 min 
respectively. After 4 min incubation, the effect was already greatly reduced, 
while after 13 min the mixture was practically inactive. This experiment. 
shows the result usually obtained when 1% saliva was mixed with an equal’ 
volume of undiluted plasma. If the plasma was incubated with more dilute: 
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saliva, the activity in most cases developed more gradually and, in the case of 
0-2% saliva, the maximum might not be reached until 3 min incubation. The 
actual concentrations of saliva cannot, however, be given a precise meaning, 
since specimens collected at different times in an experiment, and from dif- 
ferent animals, varied as to their content of the active principle. 


(a) (c) 

Fig. 5. Upper record: guinea-pig’s ileum ime in 15 ml, Tyrode = Lower record: 
arterial blood pressure of cat, 2:9 kg. Equal volumes of plasma and 1% saliva were in- 
cubated and the mixture tested on guinea-pig’s ileum (0-2 ml.) and on cat’s blood pressure 

(1-0 ml.) after 1 min (a), 4 min (6), 7 min (c), and 13 min incubation (d). Effects of plasma 


(e) and 1% saliva (f), 0-1 ml. on guinea-pig’s ileum and 0-5 ml. — 
Time and signal markers refer to lower record only. 


Whereas the concentration of saliva had its most obvious effect on the rate 
at which the mixture developed smooth muscle stimulating activity, variations 
in the amount of plasma predominantly affected the rate of inactivation on 
prolonged incubation. If 1% saliva was mixed with only half its volume of 
plasma, inactivation proceeded more slowly; and, in some such — 
the mixture still retained activity after 30 min incubation. 
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Our results clearly show that saliva by itself does not stimulate the guinea- 
pig’s ileum, ‘but that by its action on plasma a smooth muscle stimulating 
substance is produced. The possibility therefore arises that the vasodilator 
effect of saliva injected into the blood stream is also the result of its action on 
some constituent of the blood, and that the vasodilator and smooth muscle 
stimulating effects are due to one and the same substance. In that case an 
incubated mixture of diluted saliva and plasma should produce both depressor 
and smooth muscle stimulating activity, but on further incubation both effects 
should diminish at the same rate and disappear simultaneously. This was 
readily demonstrated. In the experiment of Fig. 5, the effect of the incubated 
mixtures was tested not only on the guinea-pig’s ileum but also on the arterial 
blood pressure of the anaesthetized cat. The depressor activity was greatest 


about 1 min after mixing and decreased together with the smooth muscle 


activity. 
Experiments with perfusate 


It was previously shown that the salivary gland is not damaged if it is 


perfused with oxygenated Locke’s solution for periods of 10 min, natural 
circulation being restored meanwhile. When the perfusate became free of 
blood, samples were tested both on the isolated guinea-pig’s ileum and by 
arterial injection into the gland after its blood circulation had been re- 
established. It was found that perfusate collected during and immediately 
after chorda stimulation caused a mepyramine and atropine resistant vaso- 


dilatation when injected into the gland, but that it had no action on the 


guinea-pig’s ileum (Hilton & Lewis, 1955). 

Incubation of perfusate with plasma. We have now shown that such perfusate, 
like saliva, leads when incubated with plasma to the production of a smooth 
muscle stimulating substance. Fig. 6 illustrates this result, as tested on the 
guinea-pig’s ileum: a shows the lack of effect of 1 ml. perfusate collected during 
chorda stimulation, and 6 the slow contraction caused by the same amount 
of perfusate after it had been in contact with 0-2 ml. plasma for 1 min. The 
plasma alone was ineffective (c). A more pronounced contraction was obtained 
when the incubation experiment was repeated with a freeze-dried concentrate 
of such perfusate (e). If, however, the perfusate was collected not during 
stimulation, but from a gland at rest, incubation with plasma of this perfusate, 


~ even when freeze-dried, did not lead to the formation of a smooth muscle 


stimulating substance (d). 

As in the experiments with saliva, prolonged incubation with plasma of 
perfusate collected during chorda stimulation led to a diminution and dis- 
appearance of the smooth muscle stimulating effect. This is illustrated in the 
experiment of Fig. 7, in which, after 10 min incubation, the mixture was 
inactive. Not only was the mixture tested on the guinea-pig’s ileum, but it was 
also injected arterially into the cat’s salivary gland, and it is seen that, on 
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prolonged incubation, the vasodilator effect of the mixture disappeared at the 
same rate as the muscle-stimulating effect. These findings strongly suggest that 
both the muscle-stimulating and vasodilator effects are due to the same 
substance. Fig. 7 illustrates further (at a and e) that an arterial injection of 


perfusate mixed with plasma is more effective, than an injection of perfusate 


alone. This difference is readily explained by the fact that perfusate injected 
into: the artery will reach and pass the vessels of the gland before maximal 
formation of the active substance can occur, whereas sufficient time for full 
formation of the active substance will have elapsed when the perfusate has 
previously been mixed with plasma and the mixture is injected after 1 min 
incubation. 

If the ‘active’ perfusate is boiled for about 5 min before incubation with 
plasma, neither muscle-stimulating nor vasodilator effects are ene i.e, 
the active substance is no longer formed. 


~|~ |-|-} 


(5) (c) (¢) 
Fig. 6. Guinea-pig’s — ipiaeing in 15 ml, Tyrode solution. Effects of 1 ml. perfusate col- 


lected during 15 sec chorda stimulation, alone (a) and after 1 min incubation with 0-2 ml. 


- plasma (6). Effect of 0-2 ml. plasma (c) and of mixtures of 0-2 ml. plasma with a freeze-dried 
concentrate of perfusate (equivalent to 4 ml.) collected from a resting gland (d) and from the 
gland during 1 min chorda stimulation (e). 


Comparison of the active substance with bradykinin 

Since saliva and ‘active’ perfusate lead to the development of smooth 
muscle stimulating and vasodilator activities when incubated with plasma, 
and since these activities disappear if incubation is prolonged, they are 
apparently due to the same substance. It seemed likely that the substance 
concerned is bradykinin or kallidin: The name bradykinin was given by 
Rocha e Silva et al. (1949) to the slowly acting, smooth muscle stimulating 
substance produced on incubation of snake venom or trypsin with serum, 
plasma or globulin solution; and the name kallidin was coined by Frey, 
Kraut & Werle (1950) for a slowly acting, smooth muscle stimulating sub- 
stance produced by the action of tissue extracts on plasma proteins. The active 
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agent in these tissue extracts is thought to be a proteolytic enzyme called 
kallikrein. Originally these authors had thought that kallikrein was a ‘vaso- 
depressor substance’ in its own right, and it is interesting to note that hitherto 
the vasodilator effect of saliva has also been attributed to the presence in saliva 
of a ‘vasodilator substance’. Bradykinin (or kallidin) is considered to be a 
polypeptide. The following experiments show that the substance produced by 
the action of saliva or ‘active’ perfusate on plasma has the pharmacological 
and properties of bradykinin, 


Guinea-pig 
ileum 


Cat 150 


Venous 


outflow, 60 
drops/min 30 
0 


a 7. Upper record: guinea-pig’s ileum suspended in 15 ml. Tyrode solution. Middle record: 
venous outflow from submandibular salivary gland (Thorpe impulse counter) of cat, 2-5 kg. 
Lower record: cat's arterial blood pressure. Effect of incubation mixture of perfusate col- 
lected during chorda stimulation and plasma after 1 min (a), 5 min (b) and 10 min incubation 
(c). 7-6 mil, perfusate was added to 1-5 ml. plasma; 2-4 ml. of the mixture was used for each 
test on the guinea-pig’s ileum, and 0-6 ml. for each arterial injection into the cat’s salivary 
gland, Effect of 0-4 ml, plasma diluted with 2 ml. saline on guinea-pig’s ileum, and of 0-1 ml. 
plasma with 0-5 ml. saline injected into salivary gland (d); and of 2 ml. perfusate on guinea- 
pig’s ileum and 0-5 ml. perfusate injected into the salivary gland (e). Time and signal markers 
refer to lower two records only. 


The contractions of the guinea-pig’ s ileum, on addition of saliva (or perfu- 
sate) incubated with plasma, differ in their time-course from the contractions 
produced by histamine, but show a similar time-course to the contractions 
produced by bradykinin. On the addition of histamine there is a very brief 
latency before the en contracts, whereas with incubated saliva and 
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with bradykinin there is a definite latency, sometimes as long as 20 sec. 
With histamine the shortening of the preparation proceeds rapidly, while with 
incubated saliva (or perfusate) as with bradykinin it proceeds slowly. This 
difference between the actions of histamine and incubated saliva is evident in 


the contractions seen in Fig. 4, and the similarity between the contractions | 


Bradykinifi 


(a) (b) (<) (¢) (e) f) 


Fig. 8. Guinea-pig’s ileum suspended in 15 ml. Tyrode solution. Effect of 0-2 ml. samples of 
incubated mixtures of equal volumes of 1% cat saliva and cat plasma (upper record) and of 
a bradykinin solution, 400 yg/ml., and plasma (lower record) after incubation for 1 min (a), 
4 min (6), 7 min (c) and 13 min (d). Effect of 0-1 ml. plasma (e), and of 0-1 ml, 1% saliva on 
upper record and 0-1 ml. bradykinin solution, 400 ug/ml. on lower record (f). Both records 
obtained from same preparation. 


produced by incubated saliva and by bradykinin is shown in Fig. 8. Further, 
when histamine is washed out of the bath, relaxation occurs much more 
rapidly than it does after washing out incubated saliva (or perfusate) or 
bradykinin. 

Bradykinin causes contraction not only of the guinea-pig’s ileum but also 
of the rabbit’s intestine. A mixture of saliva and plasma does the same. It 
these effects on the rabbit’s intestine are compared (Fig. 9), it is seen that the 
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contractions to bradykinin and to incubated saliva with plasma are similar, in 
that the shortening proceeds without apparent interference with the rhythmic 
contractions and that the increase in tone is preceded by a short period of 
inhibition. This inhibition is scarcely visible after the smaller dose of brady- 
kinin (c) or of the mixture of saliva and plasma (a), but is pronounced with the 


Jarger doses (6 and d). 


Rocha e Silva et al. (1949) have shown that the bradykinin activity of an 
incubation mixture of venom with serum or plasma gradually disappears 
when incubation is continued for more than a few minutes. The time-course of 


Fig. 9. Rabbit’s duodenum suspended in 15 ml. Tyrode solution. Effect of a mixture of 0-2 ml. 
cat plasma with 0-2 ml, of 0-5% cat saliva (a), and with 0-2 ml. of 2% saliva (b). Effect of 
bradykinin, 40 yg (c) and 250 yg (d). Neither 0-2 ml. of this plasma nor 0-2 ml. 2% saliva 
had any effect on the tissue when added alone. | 


this inactivation is the same as that of the disappearance of the muscle-_ 
stimulating substance which develops on prolonged incubation of saliva with 
plasma. This is illustrated in Fig. 8, in which the upper tracing shows the 
gradual diminution and final disappearance of the smooth muscle stimulating 
substance formed by the action of saliva on plasma 1, 4, 7 and 13 min after the 
fluids were first brought together, and the lower tracing shows the same for 
bradykinin when incubated with plasma. A determination was first made of 
the amount of bradykinin which would produce a contraction of the same 
order as the maximal contraction produced by the mixture of saliva and 
plasma. This amount of bradykinin was then mixed with the same volume of 
plasma as was used in the saliva experiment, and was also made up to the same 
volume, 

According to Rocha e Silva et al. (1949), bradykinin is formed on incubation 
of snake venom or trypsin, not only with whole plasma or serum but also with 
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a globulin fraction of plasma obtained by precipitation with 50% ammonium 
sulphate. Likewise, on incubation of saliva for 2 or 3 min with a globulin 
fraction similarly prepared, a smooth muscle stimulating substance is formed. 

Rocha e Silva et al. (1949) have also shown that bradykinin, formed on 
incubation ‘of venom with the globulin fraction of plasma, can be extracted 
with boiling ethyl alcohol: an active, water-soluble powder is obtained when 
the alcoholic extract is-dried in vacuo. Likewise, an active, water-soluble 
powder was obtained from an incubation mixture of saliva with the globulin. 
fraction of plasma by extraction with boiling alcohol after 2 min incubation 
and evaporation of the filtrate to dryness. Human plasma was used in these 
experiments. The powder obtained in this way was compared with a powder of 
bradykinin, kindly given to us by Dr Rocha e Silva, and the two were found 
to have the same pharmacological and physico-chemical properties in every 
test carried out. A preparation made from dog's saliva and human plasma 
was found to possess the same characteristics. ¥ 


Like bradykinin, the powder caused contraction of the guinea-pig’s ileum, — 


the rabbit's duodenum, the rat’s colon, and the rat’s uterus, and, when 
injected into a cat, a fall in arterial blood pressure on intravenous injection 
and a local vasodilatation on arterial mjection into the salivary gland. 

The activity of the powder was compared quantitatively with that of 
bradykinin on three smooth muscle preparations—the guinea-pig’s ileum, the 
rat’s uterus, and the rat’s colon, on the cat’s arterial blood pressure and the 
vessels of the salivary plane: 1 mg powder was equiactive with 20 »g brady- 
kinin on the guinea-pig’s ileum, 27-8 yg on the rat’s uterus, 28-8 yg on the 
rat’s colon, 30 yg on the arterial blood pressure, and-with 20 yg on the blood 
vessels of the salivary gland. A different result was obtained when the powder 
was compared with substance P on the three smooth muscle preparations: 


1 mg powder was equiactive with 57-2 ug of substance P on the guinea-pig’s | 


ileum, 8,000 wg on the rat’s uterus, and with 11-6 yg on the rat’s colon. These 
quantitative comparisons with bradykinin and with substance P show that the 
active substance in our powder is not identical with substance P, and constitute 
very strong evidence of its identity with bradykinin. The small differences in 
activity between the two powders are within the limits of experimental error. 

Further, the effect of substance P on the rat’s colon showed a qualitatively 
different action from that of either bradykinin or our powder. This is shown in 
Fig. 10. Whereas the contraction produced by substance P proceeds without 
apparent interference with the small rhythmic movements of the preparation, 
the contractions produced by our powder and by bradykinin are preceded by 
a period of inhibition of these movements and by some relaxation of the 
preparation. 

Finally, the active substance in our powder showed the same solubility in 
organic solvents and the same resistance to heat, changes in pH, and pro- 
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teolytic enzymes. According to Rocha e Silva et al. (1949), bradykinin is 
insoluble in ether and anhydrous acetone, and so was the active substarice of 


our powder. When the powder was dissolved in distilled water or in 1 n-HCl 
and boiled for 1 hr, the activity did not diminish. Moreover, boiling for a few 


- minutes in concentrated HCI or in 0-1 to 1 n-NaOH completely destroyed the 


active substance. 
- When the powder was incubated with chymotrypsin for 20 min, its activity 
disappeared ; but it remained after incubation with crystalline trypsin for 1 hr. 
Rocha e Silva et al. (1949) had shown that bradykinin behaves in the same 
manner when subjected to these tests and this we have confirmed. 


(b) 
Fig. 10. Ascending colon of the rat suspended in 15 ml. de Jalon’s solution. Effect of 400 Lg 
substance P (a), 30 mg of our powder (6) and 800 yg bradykinin (c). 


The experiments with trypsin introduced a difficulty, because trypsin itself 
causes a slow contraction of the guinea-pig’s ileum. Tachyphylaxis occurs, 
however, when several doses are given in rapid succession, and while the 
preparation is still insensitive to trypsin, it responds both to bradykinin and 


to the active substance in our powder. 


DISCUSSION 
In previous experiments we showed that the vasodilatation produced in the 
submandibular salivary gland by stimulation of the chorda tympani is not due 
to the action of specific vasodilator nerve fibres; the alternative hypothesis, 
that the activated gland produces vasodilator metabolites, was accordingly 
examined. Not only was indirect evidence obtained in its support, but, on 
testing the éffluent from the stimulated gland perfused with Locke’s solution, 
we were able to demonstrate directly vasodilator activity, which was not 
prevented by atropine or mepyramine. It was thought that this activity was 
due to the presence in the perfusate of a stable vasodilator substance, but the 
results described in this paper have led to a different interpretation. It is now 
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concluded that the active perfusate does not actually contain a vasodilator 
substance, but an enzyme which produces the vasodilator substance by its 
action on plasma proteins. This substance has the properties of bradykinin. 
It is also concluded that bradykinin formation is the basis of the rn 
produced in the salivary gland by chorda stimulation. 

All the observations made in the course of our investigations are readily 
explained according to this conception. The vasodilatation produced by chorda 
stimulation can be accounted for by the escape of the enzyme from the acti- 
vated gland cells into the interstitial fluid and by the formation there of 
bradykinin. There is no need to invoke the release of ‘metabolites’ as the 
cause of the vasodilatation produced by the active gland; and there is, in fact, 
no evidence that end-products of metabolism play any en role in the 
development of this vasodilatation. 

The vasodilator effect of saliva is likewise explained by the mation of 
bradykinin when saliva comes into contact with plasma proteins. Again, there 
is no evidence that saliva contains a vasodilator substance, as has been thought 
hitherto. The observation that saliva loses its vasodilator activity on boiling 
for short periods (Secker, 1934; Feldberg & Guimarais, 1935) can be readily 
attributed to the fact that the enzyme present in saliva and responsible for the 
formation of bradykinin is destroyed by this treatment. The same explanation 
accounts for our observation that active perfusate also loses its vasodilator 
activity on boiling. 

The finding that both saliva and active perfusate, when incubated with 
plasma or the globulin fraction of plasma, exert a smooth muscle stimulating 
action, and that this activity disappears on prolonged incubation is typical for 
the formation and destruction of bradykinin. Further, the finding that neither 
saliva nor active perfusate has an action on smooth muscle preparations 
suspended in artificial saline solutions, but that both exert vasodilator effects 
when injected into the blood stream, reflects the inability of the enzyme to 
form bradykinin in the absence of its appropriate substrate, the plasma 
proteins. 

Finally, when an active, stable powder was obtained from an incubation 
mixture of saliva with the globulin fraction of plasma, by the same procedure 
as that by which bradykinin is prepared, the active substance in the powder 
was found to have the physico-chemical and pharmacological properties of 
bradykinin. On assay of the active substance against bradykinin on different 
smooth muscle preparations, on the cat’s blood pressure, and the blood vessels 
of the salivary gland, there was quantitative agreement in all tests. This is, 
perhaps, the strongest evidence that the active substance formed both by 
saliva and by perfusate obtained during chorda stimulation is, in fact, 
bradykinin. | 
Once the conclusion is accepted that saliva and active perfusate contain an 
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enzyme which forms bradykinin whenever these fluids come into contact with 
plasma proteins, it is difficult to avoid the further conclusion that the vaso- 
dilatation produced. by injection of saliva into an animal and that occurring 
locally in the salivary gland during chorda stimulation are produced in this 


way. The vasodilatation which occurs in the gland when the hydrostatic 


pressure in Wharton’s duct is suddenly raised can also be explained by the 
appearance of the enzyme in the interstitial fluid, and this would illustrate the 
relative ease with which the enzyme escapes from the gland cells into the tissue 
spaces. 

When speaking of an ‘enzyme’ and of ‘bradykinin’, certain reservations 
should be made. With the evidence so far available, we cannot exclude the 
possibility that the active principle in saliva and perfusate, which escapes from 
the gland cells and acts on the plasma protein, is not really an enzyme but is 
an activator. In the absence of any evidence for or against this possibility, 
however, the principle is referred to in this discussion as an enzyme. Further, 
the active material formed by the action of this ‘enzyme’ on plasma proteins 
may not be a single substance but a group of related and similarly acting 
substances: and this may also be true of bradykinin itself. In view of the lack 
of evidence on this question also, the active material is referred to, sssuniuas 
prejudice to the issue, as bradykinin. 

_ There are good grounds for suggesting that interstitial fluid contains the 


substrate for the enzyme. Mammalian lymph, which is probably identical in - 


composition with interstitial fluid, contains the proteins of the plasma— 
albumin, globulin, and fibrinogen—in fairly high concentration: even lymph 
from the hind-legs, which gives comparatively low figures, shows a protein 
concentration a third as much as that of plasma (Drinker & Yoffey, 1941). 
It is therefore likely that the enzyme will be in contact with an adequate 
amount of its substrate as soon as it is released from the gland cells. In fact, 
it has been shown that a smooth muscle stimulating substance, which is 
probably bradykinin, is formed when lymph is incubated with cobra venom 
(Feldberg, Holden & Kellaway, 1938). Hence, it is not necessary to assume 
that the enzyme diffuses from the gland cells via the interstitial fluid into the 
capillaries; it is only when the gland is perfused with artificial saline solutions 


that the capillaries become sufficiently permeable to allow the enzyme to pass _ 


through. Bradykinin formed in the interstitial fluid will produce its vasodilator 
effect and will be eliminated by the lymph, either by inactivation or in the 
course of lymph drainage. The normally limited permeability of the capillaries 
will prevent most, if not all, of the bradykinin from reaching the blood in them, 
but, if any does, it will be rapidly inactivated there too and this would explain 
why it could not be obtained in venous blood samples (Hilton & Lewis, 1955). 

Extracts of organs and body fluids have long been shown to exert a vaso- 
depressor action. Kraut, Frey & Werle (1930) concluded that their extracts 
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of pancreas, pancreatic juice, blood, and urine all owed this activity to the 
- presence of a substance of protein nature, which they called kallikrein. The 
vasodepressor activity of saliva was attributed by Ungar & Parrot (1936) to 
the same substance which, they suggested, might also be the chemical trans- 
mitter of the vasodilator nerve fibres assumed to be present in the chorda 
tympani. These ideas, in so far as they suggest a relationship between the 
depressor activity of saliva and the vasodilatation in the active salivary gland, 
have some affinity with the conclusion reached as a result of the present 
investigation. Further, it has been found recently that pancreatic kallikrein 
owes its vasodepressor and smooth muscle stimulating activity to the fact 


that it reacts with plasma proteins to produce a polypeptide called kallidin, 


which bears a striking resemblance to bradykinin and is probably identical 
with it (Werle & Berek, 1950; Werle, Kehl & Koebke, 1950). It would not 
therefore be unreasonable to expect that the pancreas, when actively secreting, 
also exhibits vasodilatation produced in a manner similar to that we have 
found in the submandibular salivary gland. | 

It is possible that activation or injury of the cells of many organs leads to 
the escape into the interstitial fluid of intracellular enzymes which will act on 
the proteins present to form pharmacologically active substances. This is 
known to occur following the cell damage produced by burns of the skin 
(Beloff & Peters, 1945); but more trivial forms of skin trauma, which lead to 
the development of local vascular reactions only, may well act in this way also. 
In other words, bradykinin, or similar polypeptides, may play a part in the 
local regulation of skin blood flow, both physiological and pathological. These 
local vascular reactions are certainly due to the release from damaged cells of 
vasodilator substances which are relatively stable. In some instances, e.g. the 
simple triple response, the vascular reaction is indistinguishable from that 
produced by pricking histamine into the skin, but even Sir Thomas Lewis 
(1927), who coined the term ‘H-substance’, found that the evidence did not 
warrant the conclusion that this was really ‘a single substance having an 
invariable chemical constitution’. In many instances, the reactions attributed 
to the release of H-substance showed characteristic differences from the 
histamine reaction: Krogh (1929) suggested that there must be at least two 
factors—a diffusible substance, closely related to histamine, and a less dif- 
fusible substance which is only slowly eliminated and to which he gave the 
name of H-colloid. Both Lewis and Krogh agreed that H-substance is carried 
away mainly in the lymph, and Krogh suggested that it was the H-colloid that 
was primarily disposed of in this way. The vascular reaction to ultraviolet 
irradiation provided most of the evidence for the existence of H-colloid, and 
recent investigation of this reaction has cast great doubt on histamine as a 
factor of any importance in this particular response (Partington, 1954). 

It may therefore be emphasized that bradykinin, or the enzyme producing 
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it, has the properties required to be identified with the postulated H-colloid 
of Krogh. This suggestion is strengthened by the finding that the pain- 
producing substance which develops in the fluid aspirated from a blister in the 
skin is closely related to bradykinin, if not bradykinin itself (Armstrong, 
Keele, Jepson & Stewart, 1954). When a high concentration of bradykinin 
(e.g. 100 »g/ml.) was applied to an exposed blister base, it not only produced 
marked pain, but also itching, flare and wheal. It is possible, therefore, that 
the simple triple response which follows mild injury to the skin is not due 
solely to histamine release, but that polypeptides such as bradykinin are also 
involved. 

It is also possible that bradykinin formation is involved in the antidromic 


vasodilatation that occurs on stimulation of sensory nerve fibres. This does not 


mean that bradykinin, or the enzyme forming it, is the transmitter released 
from the sensory nerve endings in the skin, but that the transmitter, whatever 
its nature, produces the changes in the cells of the skin which permit the escape 
of the intracellular enzymes. 

It is interesting that the bradykinin-forming substance is present in saliva. 
If the substance really is an enzyme, this finding adds to the possible digestive 


function of the secretion, hitherto thought not to be capable of proteolysis. — 


But even without any information on this question, it is still reasonable to 
speculate on the function of the substance, particularly in connexion with the 
chemical phase of gastric secretion. Peptones stimulate gastric secretion when 
introduced directly into the resting stomach, but unaltered protein foodstuffs, 
such as bread or raw egg-white, cannot do so. Perhaps saliva can act on such 
proteins to produce gastrin-releasing material, or it may even provoke such 
release on its own. Saliva does induce gastric secretion when introduced into 
the stomach. Such observations led Pavlov to suggest (1902) that saliva is as 
important a stimulus for gastric secretion as gastric juice is for pancreatic 
secretion. 

Whatever its precise nature, the finding of such an active pharmacological 
substance as a natural product of a physiological process invites speculations 
of a more general nature as to its possible role in analogous reactions, both 
physiological and pathological. Future experiments will show whether or not 
these suggestions are justified, but it is possible that the mechanism described 
tor the submandibular salivary gland may be a model of the way in which the 


local blood circulation is adjusted according to local needs, in many organs and 


tissues, 
SUMMARY 
1. The mechanism has been investigated by which vasodilatation is produced 
in the submandibular salivary gland on stimulation of the chorda tympani. 
It is concluded that changes in the gland cells, occurring on activation, permit 


the escape into the interstitial fluid of an intracellular enzyme which acts upon 
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the proteins present to form a vasodilator polypeptide having the pharmaco- 
logical and physico-chemical properties of bradykinin. 

2. Saliva probably contains the same enzyme, and its vasodepressor action 
is also accounted for by the formation of bradykinin, in this case from the 
plasma proteins of the circulating blood. 

3. These conclusions are based principally on the following findings: 

(a) Perfusate from an activated salivary gland, which exerted a vasodilator 
action when injected arterially into the gland after its normal blood supply had 
been re-established, was inactive on smooth muscle preparations suspended in 
Tyrode solution but led to the development of such activity when incubated 
with small volumes of plasma. 

(6) The vasodilator effect also appeared to be dependent on an interaction 
of the perfusate with the plasma of the circulating blood, since it increased if 
the perfusate had been allowed to act on plasma for a short time before 
injection, and decreased on prolonged incubation of the mixture. 

(c) Both the vasodilator and smooth muscle stimulating effects of such an 
incubated mixture appeared to be due to the same substance, since’ they 
decreased on prolonged incubation with the same time-course and disappeared 
together. 

(d) Saliva which exacted a vasodilator action when injected into the blood 
stream was also inactive on smooth muscle preparations suspended in Tyrode 
solution, and it also led to the development of such activity when incubated 
with small volumes of plasma. 

(e) On prolonged incubation of saliva with plasma, both the vasodilator 
and smooth muscle stimulating effects diminished with the same time-course 
and disappeared together. 

(f) When a powder was prepared by alcoholic extraction of an incubation 
mixture of saliva and plasma, it was found to have the pharmacological and 
physico-chemical properties of bradykinin. 

These findings are explained on the assumption that the active agent present 
in saliva and in perfusate collected from the salivary gland on chorda stimula- 
tion are one and the same, and that bradykinin, or some closely related 
polypeptide, is formed whenever they come into contact with plasma proteins. 

4, It is suggested that escape of intracellular enzymes, such as we conclude 
to occur from the submandibular salivary gland, also occurs from the cells of 
other organs and tissues, on activation or injury, and that this is a basic means 
for the adjustment of local blood flow to local needs, in both physiological and 
pathological conditions. 
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CEREBROSPINAL FLUID INOSITOL AND ITS RISE IN 
POST-MORTEM SPECIMENS 


By D. A. NIXON 


From the Department of Physiology, St Mary’s Hospital Medical School, 
London, W. 2 


(Received 3 January 1955) 


In the main the composition of cerebrospinal fluid (c.s.f.) resembles that of an 
ultrafiltrate of blood plasma, but the differences in the concentrations of a few 
of its normal constituents suggest that its formation is due to active secre- 
tion as opposed to mere diffusion. Of the constituents present in the c.s.f. 
indicating secretion may be mentioned Cl , Mg?+ and ascorbic acid, all 
of which are present in the c.s.f. in a higher concentration than in the blood 
plasma (Davson, 1951). Inositol would appear to fall into this group since 
Nixon (1953) demonstrated its presence as a normal component of the c.s.f. at 
higher concentrations than in simultaneous plasma samples. On the other 
hand, it is possible that metabolism within the central nervous system itself is 
a factor in producing the higher c.s.f. plasma ratio. Folch & Woolley (1942) 
established the presence of an inositol-containing phosphatide in brain amoun- 
ting to 25% of the cephalin fraction or 0-4% of the weight of the brain; 
Burmaster (1946) found that the 8-cephalin fraction resembled this inositol 
phosphatide. Results to be described in this paper indicate that after death 
there is a rapid liberation of free inositol into the cerebrospinal fluid. 


METHODS 


Inositol is a hexahydroxycyclok and is one of a family of nine isomers: the 1235/46 isomer, 
meso-inositol, is the isomer principally encountered in nature. In this paper inositol will imply the 
meso-isomer in all cases. 


Microbiological assay 

Inositol was estimated in the NaOH-ZnSO, deproteinized filtrate of blood, blood plasma and 
c.8.f., using the test micro-organism Kloeckera brevis. With this yeast the growth, as measured by 
its turbidity, is proportional to the inositol concentration and in its absence no measurable growth 
results. The composition of the medium and the mode of assay was as previously described 
(Campling & Nixon, 1954). The value for combined inositol was determined by subtracting the 
value for free inositol from that obtained after refluxing for 6 hr with an equal volume of cig 
(v/v) HCl and assaying the subsequently neutralized fluid. 
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Paper chromatographic detection 

_ The presence of inositol in the c.s.f. was confirmed by paper chromatography. Deproteinized 
c.f. from pooled samples obtained by lumbar puncture was desalted using the methanol 
technique (Eastham & Keay, 1952). After developing in butanol-acetic acid solvent for 16-24 hr 
the chromatogram was impregnated with AgNO,-acetone and sprayed with ethanolic NaOH 
(Trevelyan, Procter & Harrison, 1950). 

For the microbiological detection, 5yl. of desalted pooled c.s.f. was placed on the paper level 
with 5yl. of control solution of inositol. After running in the butanol-acetic acid, the length of 
filter-paper bearing the c.s.f. spot was cut off and transverse cuts were then made dividing the 
strip into 1 cm lengths. These were numbered in pencil from the starting line and one length was 
then placed into each of a number of screw-capped bottles (capacity 30 ml.) containing 2-5 ml. of 
the double-strength medium plus 2-5 ml. of glass-distilled water. After autoclaving, the bottles 
were inoculated with one drop of a freshly prepared suspension of K. brevis in 0-9% NaCl solution 
and incubated at 25° C for 3 days. Growth was found only in those bottles containing a length of 
the filter-paper corresponding in position to that occupied by the inositol spot in the control part 
of the chromatogram developed in the way described above. 


Examples of the chromatograms with the microbiological modifications are shown in Fig. 1 


(a) and (6). 
c.s.f. + inositol nositol 
Inositol 


Inositol 


detection (turbidity) 
strips 


strips 


Fig. 1. (a) Chromatogram of ante-mortem human c.s.f. (lumbar). Pooled sample containing — 


2-8 mg/100 ml. (microbiological assay). 24 hr run in butanol-acetic acid on Whatman no. 4 
paper at room temperature. Vol. 5-Oyl. meso-inositol, 1% solution. 


(6) Chromatogram of post-mortem human c.s.f. (cisternal). 16 hr run in butanol-acetic 
acid on Whatman no. 4 paper at room temperature. Vol. 5-Oyul. meso-inositol, 1% solution. 


RESULTS 


Control human samples. Owing to the inability of obtaining a sufficient 
number of strictly normal c.s.f. samples a compromise was reached using 
treated syphilitics, Simultaneous plasma (from venous blood) and lumbar 


c.s.f. samples were obtained from seventeen individuals attending a Venereal — 


Disease Clinic for routine checking and who were considered clinically and 
immunologically cured. A significant correlation (P < 0-001) between plasma 
inositol and c.s.f. inositol was found amongst these subjects as shown in Fig. 2, 
the equations of the regression lines being y= 1-532 +1-700x and =0-335y — 
0-222, where y is the concentration of free inositol in mg/100 ml. of c.s.f. and x 
the concentration of free inositol in mg/100 ml. plasma. 

The mean =‘asma value was 0-68 mg/100 ml. (s.p.=0-20), the mean c.s.f. 
‘value was 2-7 mg/100 ml. (s.p.=0-45) and the mean c.s.f./ plasma ratio was 
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3-97. No significant difference between the sexes in the mean c.s.f. or plasma 
values was observed. | : 


Pathological human samples. Estimation of c.s.f. inositol obtained by lumbar 
puncture in a few pathological states (Table 1) showed no marked deviation 
from the mean of the above controls. 


3-6 


= 
a 


Cerebrospinal fluid inositol (mg/100 mi.) 


> 


0 0-2 0-4 06 0-8 10 
Blood inositol (mg/100 mi.) 


Fig. 2. Correlation of free inositol in ¢.s.f. with free inositol in plasma, human, where (1) is the. ; ye : 
predication of plasma values from determined c.s.f. values (2 =0-335y — 0-222) and (2) the ‘~ 
predication of c.s,f. values from determined plasma values (y = 1-532 + 1-700z). 


C.s.f. inositol in species other than man. In examining species other than 
man, the finding that the concentration of inositol in the c.s.f. exceeds that of 
the plasma was confirmed (Nixon, 1953). Variations within the species were 
more marked, possibly due to (i) the animals having been used previously for 
other experiments, e.g. administration of drugs, experimental hyperglycaemia, 
etc., and (ii) the inability to obtain the c.s.f. sample before the death of the 
animal in some cases. 

Foetal samples. Foetal plasma has a higher inositol content than that of the 
mother, and it was found that the foetal c.s.f. concentration was correspon- 
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dingly higher, resulting in a c.s.f./plasma ratio of the same order as found in 
the adult (Nixon, 1953). In some of the observations, concentrations of inositol 
for whole blood were determined since it was shown that values obtained for 
whole blood and plasma were similar (Campling & Nixon, 1954). 

Post-natally the concentration of inositol in the blood of the young animals: 
falls towards adult values, which in the case of cat and rabbit are attained after 
about 2-3 weeks of neonatal life. The c.s.f. concentration probably shows a 
parallel decline. In a rhesus monkey 10 hr after birth the plasma level of 
inositol was 4-3 mg/100 ml. and that of the c.s.f. 15-8 mg/100 ml., giving a 


|  ¢.8.f. plasma ratio of 3-7 as compared with 4-2 for the mother. The maternal = 
plasma level was 0-8 mg/100 ml. and the c.s.f. 3-4 mg/100 ml. a 
TaBLE 1, Free inositol concentrations in some pathological specimens of 0.8. : 
Free inositol 
“Diagnose (mg/100 mi.) 
Haemolytic anaemia 2-1 
Infantile hemip 2:8 
| Intracranial neop (unverified) 2-3 
Diffuse degeneration of cerebral cortex of unknown origin 3-2 a 
Disseminated sclerosis 2-6 = 
Right otitis media with mild mitral stenosis 2-2 i 
Friedreich’s ataxia 2-3 
Cerebral arteriosclerosis 2-3 q 
Lymphocytic meningitis of unknown origin 2-5 a 
Probable sagittal sinus thrombosis 2-2 ‘|. a 
Anxiety sta 2:3 
Anxiety state? Prolapeed invertebral disk 2:3 
Thoracic outlet syndrome 2-6 a 
Treated G.P.I. 2-4 
Cerebral tumour—corpus callosum 3-5 
Tabes dorsalis 9-7 
2-5 
0-V 19 
| of the lumbar disks 2-1 a 
Post-mortem concentrations in humans and cats. In the course of demonstra- : 


|. ting the presence of inositol in c.s.f. by chromatography, a post-mortem sample 
“| of-human_e.s.f, was used. This specimen when assayed gave a value con- a 
siderably higher than the range of the control, and this observation was further a 
investigated. That the c.s.f. inositol concentration increases after death was 3 
confirmed, and Table 2 shows the values obtained from thirty cases examined. 
These assays were made upon cisternal c.s.f. withdrawn with a syringe. The 
mean value of 31-5 mg/100 ml. is some 11-5 times that of the mean value for 
the control group. 
Examination of the results in Table 2 indicated that there was a rapid rise 
| in the inositol concentration of the c.s.f. after death, particularly in some cases, a 
| for example numbers 18/53 and 57/53, but the correlation of the rise in c.s.f. ; q 
inositol concentration with the time subsequent to death at which samples a 
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were taken was rendered difficult owing to the complication of cooling of the 
bodies by refrigeration. However, the correlation coefficient was calculated 
for samples obtained within the first 30 hr after death, and gave a value of 


TaBLE 2. Post-mortem concentrations of free inositol in the cerebrospinal fluid 


Death- 
Post- sampli Free 
mortem Age inte inositol 
no. yr Sex (hr) Post-mortem findings (mg/100 ml.) 
368/51 71 M. 11-7 Intestinal obstruction due to malignant prostate 36-0 
389/51 75 M. 15°5 Bronchopneumonia Lomi haematemesis due 
to chronic gastric ul 34:8 
2/53 31 M. 13-7 Pulmonary and peritonitis. 
Tuberculosis of suprarenals. Tuberculomata of 
cerebellum 
5/53 38 F. 19-2 Bronchopneumonia. Chronic nephritis 72-0 
16/53 64 M. 8-0 Myocardial infarction 12-9 
17/53 71 F. 24-2 Carcinoma of breast 49-2 
18/53 68M. Barbiturate poisoning 
Pre- 
57/53 56 M. peice Purpura leading to cerebellar haemorrhage 2-24 
18-5 | 23-0 
59/53 42 F. 56-5 Bronchopneumonia. Carcinoma of ovary 18-9 
60/53 77 F. 17-5 L. ventricular failure. Myxoedema 24-6 
107/53 67 M. 5:7 Cardiac failure secondary to benign hypertension. 6-9 
Diabetes mellitus 
115/53 42 M. 29-3 Carcinoma of L. lobe bronchus 27-6 
197/53 64 M. 25-0 Perit peration for excision of carcinoma of 
stomach 36-4 
198/53 57 M. 55-0 —- Cardiac failure. Fibrinous pericarditis. Metastasis 61-8 
from carcinoma of bronchus 
200/53 63 F. 48-5 Melanomatosis from melanoma of L. choroid 18-4 
207/53 58 F. 47-0 Carcinoma of breast 34-7 
446/53 55 M. 14-5 Bronchopneumonia. Haemorrhage following 10-8 
partial gastrectomy 
447/53 60 M. 1-2» Inhalation of vomit. (Cerebral softening) 18-0 
449/53 44 F. 25:0, . Cerebral infarction. Widespread venous throm- 24-6 
bosis. Carcinoma of colon (excised) 
452/53 79 F. 9-5 Myocardial infarction. Coronary atheroma 42-2 
454/53 74 M. 53-3 Carcinoma of bladder 44-4 
458/53 39 M. 10-7 Chronic glomerulonephritis 62-0 
293/54 76 M. 21-0 Carcinoma of sigmoid colon. Peritonitis 48-4 
294/54 59 M. 2-5 Carcinoma of left lung Ae 
305/54 75 M. 25-5 Oedema of lung. Carcinoma of: psa (excised) 42-0 
311/54 50 M. 13-2 Bronchopneumonia, fibrino- purulent 15-6 
pericarditis, heart failure 
317/54 59 M. 11-7 Pulmonary collapse and bronchopneumonia. 24:3 
Carcinoma of bronchus 
325/54 69 F. 24-6 Occlusion of orifice of left coronary artery by 28°9 
thrombosis of aortic atheromatous plaque. 
Thrombosis of basilar artery 
331/54 63 F. 44-5 Haematemesis. Chronic ie SHES ulcer 42-0 
335/54 78 M. 10-0 Carcinoma of bladder 45-4 


r =(-428 which corresponds to a probability of <0-05. From experiments on 
cats, it would appear that the inositol concentration rises rapidly in animals 
kept at room temperature up to 8 hr after death, P < 0-001, the equation for the 
regression line being y=11-27—10-1, where y is the concentration of c.s.f. 
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inositol in mg/100 ml. and z is the time of sampling in hours after death, while 
animals placed in a refrigerator at 5° C show a less marked rise (Fig. 3), al- 
though the death-sampling time was considerably longer. 

Two specimens of post-mortem c.s.f. were obtained and a portion of both de- 
proteinized and assayed immediately; the remaining portions were stored for 
24 hr at 5° C. After this interval, specimens of both were deproteinized and 
assayed. The inositol concentrations of the two samples showed no significant 
difference; they were 36-4 and 61-8 mg/100 ml. on the Ist day and 37-7 and 61-4 
mg/100 ml. respectively on the 2nd day. A third sample retained at 5° C for 


120 -- 
100 
be 


Inositol (mg/100 ml.) 
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Sampling time—hours after death 
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Fig. 3. Correlation of free inositol in post-mortem cisternal c.s.f. of cat with time of sampling 


after death. @, samples from animals at room temperature; ©, samples from animals placed 
in refrigerator after death until sampled; x, plasma or blood concentrations of free inositol. 


3 days gave a value of 42-3 as compared with an initial sample of 42-0 mg/ 
100 ml. Thus no component appears to be present in the c.s.f. itself which could 
break down under these conditions to give the observed rise of inositol in post- 
mortem specimens. 

These observations suggest two factors being responsible for the post-mortem 
rise of inositol concentration. First, an enzymic breakdown of a combined form 
of inositol within the central nervous system may occur after death with the 
subsequent diffusion of the free inositol into the c.s.f. Secondly, owing to the 
alteration of cell membrane permeability following death, free inositol con- 
tained within the cytoplasm may diffuse out and into the c.s.f. 

Proportion of free to combined inositol in the cerebrospinal fluid. From Table 3 
it will be seen that the amount of inositol present in a combined form represents 


_ only a small fraction of the total inositol present in the c.s.f. 
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Tasie 3. Concentrations of free and total inositol in cerebrospinal fluid 
Inositol, mg/100 ml. 


pom . Percentage of total 
3 Total as free inositol 
Ante-mortem sample (lumbar) 

Human 2-2 2-3 95-6 
2-6 2-8 92-8 
3-2 3°8 84-2 
3°5 3-6 97-2 

Post-mortem sample (cisternal) 
Human 34-7 35-2 98-6 
48-4 49-2 98-4 
6-5 6-9 94-2 
42-0 45:6 92-1 
15-6 15-9 98:1 
24-3 25:4 95:7 
28-9 34-5 83-8 
42-0 47:3 88-8 

DISCUSSION 


Since the inositol concentration in the c.s.f is greater than that in the plasma 
by a factor of approximately 4 in the case of the human, the formation of this 
extracellular fluid with respect to its inositol concentration must be accounted 
for by a process other than diffusion. The unequal distribution of non-electro- 
lytes in general between c.s.f. and the blood plasma is difficult to explain on the 
grounds of diffusion. Flexner (1938), studying the distribution of Cl", Na* and 
urea in the c.s.f. and plasma of the foetal pig, put forward the view that the 
formation of c.s.f. up to the 40th day of gestation in this species was the result 
of diffusion and thereafter one of secretion. Glucose, which has the same mole- 
cular weight as inositol, is always found in a lower concentration in c.s.f. than 
in a simultaneous plasma sample. It is, however, when one compares the 
electrolyte composition of c.s.f. and plasma that the diffusion theory of c.s.f. 
formation becomes untenable. The concentration of chloride ions, for example, 
suggests an active mechanism involving secretion by the choroid plexuses as 


such or the possible active secretion of those substances which appear in a 


higher concentration in the c.s.f. than the plasma, superimposed on a simple 
diffusion of the other components. It must be borne in mind, however, that the 
metabolic processes occurring within the nervous tissue could perhaps have a 
bearing on the observed differences. Whilst no unequivocal proof that the 
higher c.s.f. inositol concentration is due to these metabolic processes, its 
presence in human nervous tissue to the extent of 1420-1600yg/g of moist 
cerebrum (Taylor, Pollack & Williams, 1942), 1930 and 215lyg/g for the 
cerebral cortex and corpus callosum respectively (Thudichum, 1884) and its 
liberation into the c.s.f. after death presumably by autolytic breakdown or 
alteration of cell membrane permeability is circumstantial evidence. 

Platt & Glock (1943) found that the total water-soluble inositol of rat brain 
was not influenced by the daily feeding of 5 mg inositol. They found a change in 
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the proportion of free and combined inositol, the free inositol being greater in . 


the inositol-fed animals indicating that a reduction occurred in the combined 
form. If a breakdown of combined inositol occurs during life, free inositol may 
escape from the interstitial fluid of brain tissue into the c.s.f., so raising the 
¢.8.4. concentration above plasma levels. The increase in the free inositol con- 
centration of the c.s.f. after death and its dependence upon temperature sug- 
gests that an enzymic reaction involving the splitting of inositol from the 
phospholipid complexes within the nervous tissue or the diffusion of free 
inositol from the central nervous system may be responsible. An autolytic rise 
of inositol concentration in cardiac and skeletal muscles has been observed by 
several workers (Rosenberger, 1910; Needham, 1923; Winter, 1934). Boyland 
(1928), on the other hand, using cardiac muscle alleged that the inositol 
content decreased after death and that it was a precursor of lactic acid. 

A consideration of the rise of inositol concentration in the cisternal c.s.f. 
with time of sampling after death could possibly prove an adjunct to the 
methods already in use in forensic medicine to establish the time of death. As 
with other methods in current use, however, corrections for factors determining 
the rate of body cooling would have to be applied. 


SUMMARY 


1. It has been established that meso-inositol is a normal component of the 
¢.8.f. in human, monkey, cat, sheep, goat and rabbit. It exists mainly in the free 


_ state, The concentration present in the c.s.f. was found to be several times that 


encountered in the blood plasma. 

2. In man there exists a correlation of c.s.f. inositol with blood plasma 
inositol. The concentration ratio c.s.f./plasma is approximately 4. 

3. Post-mortem samples of c.s.f. show a substantial increase in inositol 
concentration. The values obtained indicate a progressive increase in concentra- 
tion with time of sampling after death. This suggests that as the result of auto- 
lysis free inositol is split off from the phospholipids which, together with the 


- free inositol contained within the cytoplasm of the central nervous system, 


diffuses into the c.s.f. as the result of an increase in membrane permeability. 


I am indebted to Prof. A. St G. Huggett and other colleagues for advice during the course of this 
work, and to Dr G..L. M. McElligott, Dr F. J. G. Jefferies and Prof. W. D. Newcomb for their 


kind co-operation with regard to human subjects. 
The work was assisted by an A.R.C. and M.R.C. grant to Prof. A. St G. Huggett. 
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__ briefly described (Rosensweig, 1955). 


_ THE EFFECT OF THE POSITION OF THE ARM ON THE 
OXYGEN SATURATION OF THE EFFLUENT BLOOD 


By J. ROSENSWEIG 
From the Department of Physiology, The Queen’s University of Belfast 


(Received 3 January 1955) 


It has recently been suggested (Gaskell & Burton, 1953) that when a limb is 
_ lowered the resulting distension of the veins causes a local reflex vasoconstric- 


tion. The evidence put forward in support of this suggestion consists of plethys- 
mographic records of blood flow in the digits. An alternative explanation of the 
phenomenon of ‘after-drop’ seen in such records has since been proposed by 
Gaskell (1955) and Allwood (1955). | : 

The relationship between the posture and the blood flow of a limb has been 
studied by a Roth, Williams & Sheard (1938) found that the 
skin temperature of the toes and fingers decreased when the extremities were | 
elevated and increased when the extremities were pendent. Reports of the 
effect of tilting the whole body on the skin temperature of the digits have been 
conflicting (Youmans, Akeroyd & Frank, 1935; Mayerson & Toth, 1939; 
Nielsen, Herrington & Winslow, 1939), but in these experiments the local 


_ response to change of posture has been complicated by central reflexes. 


Proger & Dexter (1934), using Gibbs’s (1933) heated thermocouple, found 


that the velocity of the blood in the superficial veins of the forearm and in the 


median basilic vein increased when the arm was lowered. Since, in addition, 
the veins were distended, this indicated an increase in the volume flow. 

A further approach to the problem, and the one employed in the present 
work, is by way of the oxygen saturation of the venous blood. Wilkins, 
Halperin & Litter (1950) found that the arterio-venous oxygen difference in 
both the arm and the leg decreased when the limb was lowered, and thought 
that the decrease must be attributed to vasodilatation. A similar conclusion 
was reached by Goldschmidt & Light (1925), who took samples of blood from 
the dorsal veins of the hand. The present experiments have already been 
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METHODS | 

The subjects (seven healthy young men) sat comfortably in a laboratory at 17-5 —- 21:5° C, Ordinary 
clothing, except jacket, was worn. : 

The abducted right arm was fully supported by a metal frame, attached to the chair in such a 
way that it could be swivelled in a frontal plane about an axis through the shoulder joint. The 
frame could be fixed either in a nearly horizontal position, with the subject’s wrist 0-15 cm below 
the level of the sternal angle, or in a dependent position, with the wrist 43-59 cm below this level. 
Movement from one position to the other was passive and smooth, and took 10 sec. 
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Fig. 1. Oxygen capacity (@) and oxygen content ({™) of blood withdrawn from the median cubital 
vein while the arm was supported alternately in the nearly horizontal and dependent (“ Down’) 
positions. 


Minutes 


Samples of blood were usually withdrawn through an in-dwelling needle inserted under local 
anaesthesia (‘Novutox’, Pharmaceutical Mfg. Co.) into either the median cubital vein or a super- 
ficial vein of the forearm. In one case the samples were withdrawn from a deep tributary of the 
median cubital vein through a nylon catheter, the position of which was determined by palpation. 
The needle (or catheter) was kept clear by infusing sterile saline (0-9% (w/v) NaCl solution) at 
4 ml./min. Before each sample was taken, the infusion apparatus was disconnected and the saline 
in the ‘dead space’ was expelled by allowing some blood to run out from the vein. 

The samples were drawn into syringes sealed with 1 ml. of sterile paraffin and immediately 
transferred under paraffin to glass tubes containing potassium oxalate. They were stored at 4° C, 
and analysed within 8 hr by the volumetric method of Peters & Van Slyke (1932). 


RESULTS 


Fig. 1 shows the results of a preliminary experiment in which large (10 ml.) 


samples of blood were withdrawn. The oxygen content of a part of each sample 
was determined ; the remainder of the sample was equilibrated with air and the 
oxygen capacity was determined. It can be seen that the oxygen content 
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_ in the main series of experiments the oxygen content of each sample (single 


- large final sample. The capacity was estimated in duplicate, and on only one 
occasion did results disagree by as much as 1-25 vol. of oxygen per 100 vol. of 
blood. 
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_ 36 sec, the actual period of collection has been indicated in the figure by the 
length of the symbol. Occasionally, it was necessary to ‘milk’ blood proximally 
along the vein to the needle. 
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varied considerably, the oxygen capacity only slightly. The values of oxygen 
saturation of the five samples are 64:3, 76-8, 50-9, 68-2 and 57-5 % respectively. 
If the oxygen saturation is calculated on the assumption that throughout the 
experiment the oxygen capacity was equal to that of the final sample, the 
results are 66-2, 79°7, 50-2, 71-1 and 57-56%. The difference is very small, and 


estimation) has been expressed as a percentage of the oxygen capacity of a 


Fig. 2, Percentage oxygen saturation of blood withdrawn from the median cubital vein while 
the arm was supported alternately in the nearly horizontal and dependent positions. 


’ Fig. 2 shows the results of the four experiments of the main series in which 
the needle was placed in the median cubital vein. With one exception, the 
values of oxygen saturation in each period when the arm was dependent were 
higher than those in the preceding and following periods when the arm was 
horizontal. 
Fig. 3 shows the results of the experiments in which the needle was placed 
in a superficial vein of the forearm. The effect of the change of position was not 
so consistent as before. It was sometimes difficult to obtain adequate samples 
of blood in these experiments, particularly when the arm was horizontal. 
Where the collection of the sample lasted longer than an arbitrary time of 


Fig. 4 shows the results of the single experiment in which samples of blood 
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were withdrawn from a deep vein, as described earlier. Here, the oxygen satura- 
tion clearly increased when the arm was lowered. 

It thus appears that, in general, lowering the arm caused an increase in the 
oxygen saturation of blood in the veins. The increase was maintained for 
several min; in one experiment (Fig. 5) it was shown to persist for at least 14 


100 
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§ 40: 
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x 100 
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40) 
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Fig. 3. Percentage oxygen saturation of blood withdrawn from a superficial vein of the forearm 
while the arm was supported alternately in the nearly horizontal and dependent positions. 


20- 
Down Down Down 
Minutes Minutes 
Fig. 4. Fig. 5. 


Fig. 4. Percentage oxygen saturation of blood withdrawn from a deep vein of the forearm while 
the arm was supported alternately in the nearly horizontal and dependent positions. 


Fig. 5. Percentage oxygen saturation of blood withdrawn from a superficial vein of the forearm 
before, during and after 14 min in the dependent position. 


However, not all the variations in oxygen saturation seen in Figs. 1-5 were 
due to changes of posture. The oxygen saturation of the venous blood varied 
appreciably even when the arm remained in one position. This is illustrated 


in Fig. 6. 
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The experimental and control results are summarized and compared in 
Table 1. In the case of the experimental results, ‘number of observations’ 
refers to the observations of oxygen saturation while the arm was dependent; 
‘mean difference’ is the average of the amounts by which these observations 
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Fig. 6. Changes in percentage oxygen saturation of blood withdrawn from a superficial vein of the 
forearm ([}) or the median cubital vein (™) while the arm was supported in the horizon 
{upper frame) or nearly dependent (lower frame) position. ; 


| TaBiz 1. Comparison of experimental and control results 
‘Mean difference (experimental)’: mean amount by which thep tage oxygen saturation while 
the arm was dependent exceeded the mean saturation in the preceding and following periods when 
the arm was horizontal. 
_ *Mean difference (control)’: mean amount by which any observation of percentage oxygen satura- 


f tion exceeded (+e) or was less than ( - ve) the mean of the two preceding and the two following 


observations, 
‘Significance’: result of ‘Student’s’ ¢ test of significance of difference between means. 
caee Superficial vein Median cubital vein 
Experimental Control és Experimental Control 

Number of observations 14 12 13 14 

Mean difference + 7-04 +0-24 + 16-7 +0-06 

Standard error of mean 1-63 0-61 1-52 2-1 

Significance 0-01> P> 0-001 0-001> P 
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exceeded the mean of the observations relating to the preceding and following 
periods when the arm was horizontal (where only one sample could be ob- 
tained during such a period it was assumed that a second sample would have 
given the same result). The mean difference for the control results is the 
average of the amounts by which individual observations exceeded (+ ve) or 
were less than (—ve) the mean of the two preceding and the two following 
observations. As many of the control results as possible were treated in this 
way (i.e. all except the first two and the last two of each set). The difference 
between the experimental mean and the control mean is significant in the case 
of the superficial veins, and highly significant in the case of the median cubital 
vein. 
| DISCUSSION | | 

The results show that when the arm was lowered there was a significant in- 
crease in the oxygen saturation of the blood in the superficial veins and in the 
median cubital vein. 

The oxygen saturation of venous blood is related to three factors: (1) the 
oxygen saturation of the arterial blood, (2) the oxygen consumption of the 
tissues drained by the vein concerned, and (3) the rate of blood flow through 
these tissues. The relationship is expressed in the equation 


Blood flow =oxygen consumption/(art. satn.—ven. satn.). 


Thus, the increase in the oxygen saturation of venous blood (ven. satn.) on 
lowering the arm indicates an increase in blood flow, provided that (a) the 
saturation of arterial blood (art. satn.) is constant, and (6) the oxygen con- 
sumption of the tissues is constant. Variation of factors (a) and (b) does not 
invalidate this statement in a statistical sense provided that the variation is 
random and unrelated to changes in the position of the arm. 

It is very unlikely that changing the position of a limb could produce any 
alteration in the oxygen saturation of the arterial blood. However, it is con- 
ceivable that the oxygen consumption of the tissues of a limb might be affected 
by changes in its position. Mottram (1954) has made observations which sug- 
gest that an increase in venous pressure caused by inflating a cuff to 60 mm Hg 
reduces the oxygen consumption of tissues in the hand and forearm, but it is 
not known if the effect persists for periods longer than 1 min. A reduction in 
oxygen consumption as a result of increased venous pressure might explain 
the increase in oxygen saturation which occurs when the arm is dependent. On 
the other hand, it is possible that in the present experiments the oxygen con- 
sumption in the dependent limb was increased as a result of increased muscular 
activity consequent upon the necessarily less perfect support in this position. 

Because of these uncertainties, one must be cautious in interpreting the 
results as indicating changes in blood flow. Further, it must be pointed out 
that the method cannot detect local or transient changes in flow, if these differ 
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from the general changes. Thus, the results do not exclude the possibilities 
that lowering the arm causes (a) an initial decrease in blood flow which lasts a 


few sec, and then a sustained increase, or (b) a sustained decrease in the blood 


flow through a small volume of tissue, for example the digits, which is ob- 
soured by a sustained increase throughout the remaining tissues. 

If it is assumed that the oxygen consumption and the arterial oxygen satura- 
tion are unaffected by the change in posture, it is reasonable to conclude from 
the results that lowering the arm produces an increase in the blood flow through 
most, if not all, of the tissues. An explanation for this effect has been suggested 
by Tigerstedt (1922). The blood vessels in the arm may be considered as re- 
sembling a U-tube of distensible material. When the arm is lowered, the pres- 
sure inside the tube increases at each point by an amount equivalent to the 
height of the column of fluid above it. The increase in pressure is approximately 
equal in both limbs of the tube, so that the perfusion pressure is unaltered. 
The pressure in the tissues outside the tube is unchanged (or it may increase 
slightly), since the fluid in these tissues is not freely mobile. Therefore there is 
an increase in the effective transmural pressure, and this causes distension of 
the tube. It is possible that the tension of the muscle fibres in the walls of the 


resistance vessels increases, but any increase in tension is evidently not 
sufficient to prevent lengthening of the fibres. The consequent decrease in 


resistance allows the rate of flow to increase. : 
The present observations indicate an overall decrease in resistance to flow 

in the regions contributing to the venous blood samples. A small decrease in 

resistance to flow through the fingers when the arm was moved to the depen- 


_ dent position has been found by Roddie (1955). Edholm, Moreira & Werner 


(1954) concluded that the resistance to flow through the forearm was decreased 
during the application of venous back pressure, and a small decrease in resis- 
tance during slight venous congestion of the forearm can be inferred from the 
observations of Greenfield & Patterson (1954). Thus for the vessels of two of 
the constituent regions an effect has been reported which is similar to the 


general effect here described. 


SUMMARY 


1. Estimations have been made of the oxygen saturation of samples of blood 
taken from the arm veins when the arm was | alternately horizontal and 
dependent. 

2. The oxygen saturation was found to be higher during the periods of de- 
pendency. 

3. If the oxygen saturation of arterial blood and the oxygen consumption 
of the relevant tissues are assumed to have been unaffected by the change in 


posture, the raised oxygen saturation of the venous blood indicates that the 
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blood flow was greater when the arm was dependent, though the possibility of 
a local or transient decrease cannot be excluded. 

4. The increase in blood flow may be due to distension of the resistance 
vessels caused by the hydrostatic effect of lowering the arm. 


I wish to thank Prof. A. D. M. Greenfield, at whose suggestion this work was carried out, for his 
help and advice at all stages; Dr R. F. Whelan and Dr G. C. Patterson, for help in the collection 
of blood samples; and all those who acted as subjects. The work was undertaken to fulfil certain 
requirements for the Honours B.Sc. degree in Physiology of the Queen’s University of Belfast. 
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THE INFLUENCE OF THE OVARIAN HORMONES ON 
MYOMETRIAL BEHAVIOUR IN THE INTACT RABBIT 
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Investigations concerning the physiology of uterine muscle have accumulated 
a mass of valuable data in a variety of animals. Many of the findings are, 
however, contradictory and in the evaluation of these data one of the pressing 
questions is, can the differences be accounted for purely on the basis of species 
difference? The fact that wide variations are reported in the same species 
indicates that other factors are also involved. 

It has been emphasized by Csapo (1954a) that for a more complete under- 
standing of myometrial function it is necessary to break down the complexity 
of the myometrium and study it in steps at different levels of organization. 
This has been done in the last fifteen years on cross-striated muscle and much 
valuable information has been drawn from the observations (Szent-Gyérgyi, 
1953). The study of uterine muscle is somewhat complicated by the regulating 
effect of the two ovarian steroids, oestrogen and progesterone, which deter- 
mine its functional state. The influence of these hormones, therefore, has to be 
carefully controlled if any constancy in the results is to be obtained. Csapo 
(1950a, 19534) has shown that uterine muscle can be closely compared with 
skeletal muscle at the molecular and cellular levels and that the same chain of 
events occurs during the contraction cycle in both types of muscle. Acto- 
myosin is the intracellular contractile element deriving its energy from the 
high energy phosphate compounds adenosine triphosphate (ATP) and creatine 
phosphate. Moreover, the character of the isometric contraction which is 
developed by the myometrium on the application of electrical and pharmaco- 
logical stimuli is closely related to the intracellular concentration of the mono- 
valent cations, Csapo demonstrated by these observations that the uterus is 
built on a framework similar to that of skeletal muscle. Csapo & Corner (1952) 
have shown how this basic structure and function of the uterine muscle is 
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modified by the superimposed influence of the ovarian hormones, and how much 
of the uterine behaviour is, in fact, a manifestation of the dominant hormone 
rather than a property of the muscle itself. From these observations one would 
infer that the basic principles of function of uterine muscle may be similar in 
all animals. The reported differences in behaviour may be partly due to 
differences in the techniques used, as was suggested by Reynolds (1949), or to 
the influence of superimposed regulations _— only appear at or above the 
organ level. 

Csapo (19545) has shown how different the results can be when the same 
uterus is examined isotonically with different loads, or isometrically. It is 
clear from these observations that only isometric recording or isotonic recording 
with optimum load gives a quantitative measure of the working capacity of 
the uterus or the work done by the myometrium. When contractility is 
recorded isotonically with little or no load, the contraction of a few muscle 


cell bundles is recorded as maximum shortening, and such an ‘all-or-none’ — 
. system is unable to reveal the extent of activation of the myometrium. 


Conversely, isometric recording or isotonic recording with optimum load shows 
maximum shortening only when all the muscle cells are contracting, and hence 
the contractile capacity of the myometrium can be evaluated accurately only 
by using these methods. 

Csapo & Goodall (1954) have shown in rabbit uterine segments in vitro that 
maximum active tension develops, as in skeletal muscle, only at the ‘resting 
length’. The ‘resting length’ of a given uterine segment is such that the segment 
is not stretched to develop any resting tension, but is extended sufficiently for 
any tension developed to be recorded. The active (or extra) tension developed 
by a uterine segment is the difference between the tension recorded at the peak 
of isometric contraction and the resting tension. For a quantitative evaluation 
of contractility recordings should be made with the uterine segment at the 
resting length, since the same segment develops different tensions if its length 
is altered. 

In a previous series of experiments it was shown that with carefully con- 
trolled experimental conditions and proper adjustments of techniques, com- 
parable results can be obtained with the uterus in vitro (Csapo & Corner, 1952) 
and im vivo (Schofield, 1954). Experiments to be reported here are a continuation 
of the previous in vivo experiments using essentially the same methods as before. 

Progesterone dominates the uterus at certain stages in the reproductive 
cycle and is closely concerned with the preparation for pregnancy and its 
maintenance. The literature on this subject is extensive but the conclusions 
drawn are contradictory and the preceding comments on experimental 
approach and methods apply as much to this section of uterine physiology as 
toany. The mechanism of the effect of progesterone on the uterus is not known, 
nor is the time required for its effect to be manifest. Some investigators claim 
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that progesterone effects develop in a period of about 1 hr, but others maintain 
that the latency period is more than 24hr. It is important to have more 


- gecurate knowledge concerning progesterone action since it is an essential 


factor in the treatment of abortion and premature labour. In the experiments 


- to be reported here the tension developed by fully oestrogen- and progesterone- 


dominated uteri are compared. The latent period for the manifestation of pro- 


: gesterone influence after a single progesterone injection is also studied and the 
- hormone domination is established by observing the staircase effect. 


The staircase phenomenon was first described by Bowditch (1871) on the 


perfused frog heart. After a period of rest the first stimulus elicits submaximal 
tension, and maximum tension is developed only after a series of subsequent 
_ stimuli at constant strength, giving rise to a staircase. Hajdu & Szent- 
_ Gyérgyi (1952) found that this phenomenon can be studied more quantitatively 
__ by using isometric recording and by varying the frequency of stimulation after 
‘a steady state has been established. Thus the more frequent the stimulus the 
greater the tension developed since each stimulus leaves behind a more favour- 
_ able condition for subsequent tension development tkan it found. Csapo & 
- Corner (1952) demonstrated the existence of the staircase effect in the isolated 


rabbit uterus. They found that the slope of the staircase when changing from 


2 one given frequency to another depends on the hormonal status of the animal 


from which the segment has been taken. Uterine strips from an animal in 


: natural oestrus or one treated with oestrogen after ovariectomy exhibit a 


staircase similar to that demonstrated in cardiac muscle. They called this a 


: positive staircase since there is a positive correlation between frequency and 
__ tension, that is, the higher the frequency of stimulation, the higher the tension 
_ developed. Strips from an ovariectomized rabbit treated with oestrogen + 


progesterone or from an animal in early pregnancy, show a staircase with 
negative correlation between frequency and tension—a negative staircase— 


and the higher the frequency of stimulation the lower the tension developed. 


Hence in these uteri each stimulus leaves behind a less favourable condition 


for subsequent contraction than it found. These authors also observed that 
| ; uterine segments taken from ovariectomized rabbits without hormone treat- 
- ment exhibit no staircase of either kind. 


Thus the slope of the staircase was found to be an indication of the extent 


: of hormone domination, the oestrogen-dominated uterus having a positive 


staircase, and the progesterone-dominated uterus having a negative staircase. 


: _ Asimilar phenomenon occurs in the intact rabbit uterus (Schofield, 1954), and 
in over 100 rabbits studied, the slope of the staircase has always been an 


indication of the hormone domination. This finding is made use of in the experi- 


a ments to be reported here and the latent period following a single injection 


of progesterone is investigated by observing the transition of the slope from 


: positive to negative. 
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METHOD 


Adult white New Zealand rabbits were ovariectomized and injected daily with 25 yg oestrogen 
for a week or more. The uteri of these animals were found to be similar to those in natural oestrus 
and were taken for all experiments as a standard upon which the further hormone modifications 
were superimposed. Thereafter nord were divided into three groups and were injected daily with 
et trog inated uterus, (b) 1 ug oestrogen +4 mg progesterone for 
inated uterus, and (c) 4 mg progesterone for a progesterone uterus. The first 
i of these secondary injections was taken as day 1 and the experiments were usually carried out 
on day 4. In addition, rabbits in natural oestrus and on the fourth day of pregnancy were used. 


Fig. 1. Cross-section of the Plexiglas chamber which was inserted in the abdomen to fix the uterus 
and apply the electrodes. U = Uterus; A =platinum hook representing one pole of the stimu- 
lator and attached by thread to the isometric tension recorder; B=platinum electrodes 
representing the other pole of the stimulator. 


The technique used for recording isometric tension in response to direct electrical stimulation 
was that already reported (Schofield, 1954) with certain modifications. The chamber (Fig. 1) made 
of methacrylate polymer (Plexiglas) bearing the electrodes was suspended on a rack and pinion 
support. The central platinum electrode (A) was temporarily clamped so that the central loop of 
the uterus (U) was held at the top of the chamber in the position shown. The thread to fix the 
ends of the segment on the other two electrodes (B) was then passed with a needle through the 
holes in the Plexiglas chamber on either side of the electrodes and around the uterus. The segment 
was pulled taut and pegged on to each electrode before the thread was tied. In this way approxi- 
mately equivalent lengths of uterus were secured in the chamber in each experiment. Hook A was 
then released and the abdomen was sewn up above the flange. The rack and pinion support 
allowed the position of the chamber to be adjusted. 


Determination of ‘resting length’ and length-tension curves 

To show the relationship between the length of the segment and the tension developed by it, 
and to determine the resting length, the chamber was initially raised to maximum height in the 
abdomen, Hook A was fixed by a thread to the isometric tension recorder so that on electrical 
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x stimulation of the uterine segment, minimum tension was recorded on the kymograph. Stimuli of 


10 V (60 ¢/s a.0.) per segment of 2-2-5 cm and 5 sec duration were applied at a frequency of 1/min, 


3 and the chamber was lowered in 2 mm steps at every second stimulus. This was continued until 
the chamber could not be lowered further in the abdomen, or until the stretch on the uterus was 


such that little further tension could be developed. Length-tension curves were studied in this 
way also with lower voltages. The Plexiglas chamber was then raised again until the uterus was 


"gt the length which developed maximum tension when stimulated. This is the ‘resting length’ 


as shown in the paper of Csapo & Goodall (1954). At this length the resting muscle does not exert 


_ eppreciable tension on the recording lever: when stretched beyond this length it is unable to 
_ telax to the original base line and an abrupt elevation of the base line is recorded as resting 


tension. 
The staircase phenomenon. With the uterus thus at resting length, the staircase was observed by 


 ghanging the frequency of stimulation. 


Tension~stimulation strength curve. When the voltage applied to the uterus is significantly above 
the threshold, then the threshold is raised and only returns to its original value after a period of 
rest. Hence after observing the staircase the stimulator was switched off for about 1 hr and the 


ee uterus allowed to rest and develop spontaneous activity. In this way the uterus was again able to 
_ respond to the lower voltages. With a frequency of 1 stimulus/min a tension-stimulation strength 


curve was obtained by applying a rising series of voltages (with a 2-2-5 om electrode distance) 
starting at 1, 2, 4 and in twos up to 20 V, and then in fives up to 70 V, applying one stimulus at 
each strength. The duration of stimulation was kept constant at 5 sec, this being the optimum 
determined by Csapo & Goodall (1954). Such high voltages were applied only for theoretical 
reasons which will be discussed later. 

Duration of contraction, The individual contraction—relaxation cycles were studied by increasing 
the kymograph speed and were subsequently compared with those observed in the isolated uterus 
(Csapo & Corner, 1952). The strength of stimulation was 10 V per 2-2-5 cm segment and 5 sec 
duration and the frequency was in the first place 1 stimulus every 2 min, then 1/1 min and 1/4 min, 
and studies were made after a constant tension had been attained for each frequency. The cycles 
were more uniform if observed at the beginning of an experiment and hence they were studied 
before the length—tension curve and after the resting length had been established with a few initial 
stimuli, 

Measurements were made of the tension developed by the uterus when it was stimulated with 
10 V at 2min intervals. At the end of each experiment the uterine segment between the 
electrodes B was excised and weighed and measured so that the tension could be related to these 
quantities. 

Administration of progesterone. To investigate an immediate effect of progesterone on uterine 
motility comparable with the effect observed in vitro (Csapo, 19545), rabbits having oestrogen- 
dominated uteri were observed on day 3. The recordings were made with the uterus at resting 
length. Progesterone is soluble in water only to the extent of 5-10 »g/ml. and therefore the problem 
arose of how to make the progesterone immediately available to the uterus. Progesterone is 
soluble in propylene glycol and alcohol, and the alcohol can be diluted 50% without precipitation, 
but presumably the progesterone would subsequently precipitate with blood or body fluids. 
A number of methods of administration over a wide dosage range was tried in seventy-five rabbits. 
Progesterone was dissolved in propylene glycol or alcohol, sometimes diluted with saline (0-9% 


: ‘NaCl solution), and injected intravenously, subcutaneously, intramuscularly, or intraperitoneally. 


In microsuspension, and dissolved in serum albumin it was injected into the ear veins, and in oil 
intraperitoneally. Progesterone in solution in propylene glycol was injected into the lumen of the 
uterus with a long hypodermic needle. Krebs solution containing 10 g/ml. was put inside the 
Plexiglas chamber to the extent of 100 ml. so that the abdominal cavity and chamber were filled, 
This reproduced im vitro conditions as nearly as possible. Finally the inferior mesenteric artery 
was cannulated and all arteries caudal to it except the uterine artery were ligated. Progesterone 
was then injected through the artery in amounts up to 2 mg when dissolved in Krebs solution and 
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up to 10 mg when dissolved in propylene glycol. Indian ink subsequently injected indicated that 
the solutions were in fact passing to the uterus. In some animals the uterus was stimulated with 
10 V at 2min intervals throughout the experiment, and in others it was stimulated at the 
beginning and end of the experimental run, spontaneous activity being recorded in between. The 
tension, both stimulated and spontaneous, was noted and stimuli of varying frequencies were 
applied to indicate the slope of the staircase at the beginning and end of the run. The experiments 
extended up to 12 hr. 

Experiments were also carried out to elicit the period of Gane earring a single progesterone 
injection when this myometrium developed ‘p i characteristics. Rabbits 
having oestr inated uteri were injected intramuscularly or subcutaneously with 4, 8 or 
20 mg progesterone dissolved in oil or alcohol on day 3. (Those receiving 20 mg progesterone had 
5 wg oestrogen instead of 1 ug.) Experiments were carried out on days 4 and 5 or 4 and 6 under 
sodium pentobarbitone (Nembutal) anaesthesia. Antiseptic precautions were taken during the 
operative procedure and the rabbits were injected with penicillin at the beginning of the experi- 
ment, They appeared to remain in a healthy condition, After the first experimental run the 
Plexiglas chamber was removed and the edges of the abdominal incision carefully sutured 
together. The animal was returned to its cage until the second experimental run when the uterus 
was set up as before in the Plexiglas chamber. Stimuli evoking a staircase effect were applied at 
the beginning and end of the 6 hr experiment which was carried out on the 2 days of observation. 
The sequence of stimulation frequencies was kept constant and was 1 stimulus/} min, 1/1 min, 
1/2 min and again 1/$ min, applying usually 6, 3, 2 and 6 stimuli respectively for each frequency. 
The criterion for classifying this intermediate staircase when the uterus was incompletely domi- 
nated by one hormone or the other was the direction of the slope at the transition from 2 min 
frequency to $ min frequency. When there was no slope this was taken as a transient staircase 
indicating that the uterus was influenced equally by oestrogen and progesterone. 


RESULTS . 


Duration of contraction. Contraction—relaxation cycles observed in oestrogen- 
and progesterone-dominated uteri are shown in Fig. 2. They fall clearly into 
two groups as can be seen in Table 1. The cycle is longer in the oestrogen- 
dominated uterus than in the progesterone-dominated uterus and this occurs 
irrespective of the tension developed. The length of the cycle diminishes when 
stimulation is applied more frequently, the diminution being greater in the 
oestrogen-dominated than in the progesterone-dominated uterus. 

Relation between length and tension. The length-tension curves of oestrogen- 
and progesterone-dominated uteri as obtained by changing the length of the 
segment with constant strength and frequency of stimulation are shown in 
Fig. 3. They indicate a clear difference between the two types of uterus. This 
is a characteristic difference and is best shown by drawing a straight line 
between the peaks of the first and the last tensions. The peak tensions do not 
approach this line in the progesterone-dominated uterus but over-step it in 
the oestrogen-dominated uterus. The curves are similar with lower voltages. 
The progesterone uterus and the 4-day pregnant uterus usually have a curve 
like that of the progesterone-dominated uterus, but with a lower tension. 
Uteri under the influence of both hormones so that neither is dominant 
develop tensions which lie on the straight line. 
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The staircase phenomenon. The staircase effect is shown at the resting length 
_ of the uterus by changing the frequency of stimulation at constant strength of 
- stimulus. The character of the staircase thus observed divided the five groups 
_ of rabbits sharply into two. Those rabbits which had progesterone either 
_ injected or secreted by an active corpus luteum had uteri which always showed 
a a marked negative staircase, whereas those uteri under oestrogen domination 
| fe with no progesterone gave a positive staircase. Fig. 4 shows the staircases of 
7 uteri taken from rabbits in natural oestrus and early pregnancy respectively. 


60- 
q 
| 4 
q 
A 
4 
0 0 20 30 © 30 70 8 
Fig. 2. Graph showing contraction-relaxation cycles of the uterus. A in a rabbit treated with 4 
oestrogen and having an oestrogen-dominated uterus; B in a rabbit treated with oestrogen a 
and progesterone and having a prog dominated uterus. Stimulus, 10 V; frequency, a 
1/2 min; duration, 5 sec. 
e TaBLE 1, The average length in seconds of the contraction cycles of oestrogen- and a 
oe prog uteri q 
Frequency of stimulation 
Type of uterus (no. of rabbits 
igs in brackets) 1/2 min 1/1 min 1/} min E 
= Oestrogen-dominated (9) 42 29 19 
Progest dominated (10) 24 16 


Relation between tension and strength of stimulation. When stimuli ranging 
from 1 V up to 70 V were applied to the uterus, two peaks of tension were 
observed (Fig. 5). The second rise in tension in these experiments is not, in 
fact, a peak since there was no subsequent decrease in tension, but for the sake 
of comparison with the in vitro work the second rise will be referred to as the 
¢ second peak. With the oestrogen-dominated uterus the first peak and the 
 inter-peak minimum tension occur later in the curve as compared with the 
progesterone-dominated uterus. The oestrogen-dominated uterus had the first . 
peak at 12 V, and the following inter-peak minimum tension at 40 V (average 
from eleven rabbits). The tension subsequently developed was not as high as 
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the first peak tension. In the progesterone-dominated uterus, the first peak 
occurred at 7 V and the inter-peak minimum at 21 V (average from fourteen 
rabbits). Thereafter the tension increased and was higher than the first peak 
in five of the fourteen rabbits. 

Measurements of tension in twenty-six oestrogen-dominated ilies seventeen 
progesterone-dominated uteri, nine progesterone uteri and eight 4-day pregnant 


SSPSLEFONP dominated 


110 Ocestrogen dominated 


SS 


= 


Fig. 3. t dominated uterus and in a pro- 

ted uterus. The length of the uterine segment was increased by 2 mm at 

each step. Constant stimulus=10 V; frequency, 1/min; duration, 5 sec. Every noms 
response recorded. Tension in 


Natural oestrus Early pregnancy 


Time (min) 


™ 4. Staircase effect shown by altering the frequency of stimulation with constant strength 
(10 V) and duration (5 sec) of stimulation. This figure shows the opposite relationship between 
tension and frequency of stimulation in uteri taken from a rabbit in natural oestrus and one 
in caety: Pregeanay: The oestrogen-dominated uterus has a positive staircase and the pro- 
g inated uterus a negative staircase. Tension calibrated in g. 
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: uteri were related to the weight and length of the segment from which they 
__ were recorded. Thus the tensions are in terms of g/g weight or/en length. The 
_ Means and statistical figures are shown in Table 2. The oestrogen-dominated 


Time (min) 


Fig. 5. The response of the uterus to consecutive stimuli of 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 25, 
30, 35, 40, 45, 50, 55, 60, 65 V in B, and the same series +70, 75 V in A, showing the two 
peaks in an oest dominated and in a progest dominated uterus. The first voltage 


was applied at the arrow. Frequency, 1/min; duration, 5 sec; tension calibrated in g. 


Taste 2, The means and statistical figures for tensions developed by the four groups: (1) oestrogen- 
dominated uteri, (2) progest dominated uteri, (3) progesterone uteri, and (4) 4-day 
pregnant uteri 


=tension; W =weight; L =length 
Oestr dominated uterus Progesterone-dominated uterus 


A A 


T|W TIL 
26-8 11-9 20-1 8-1 
Scatter 7:2-18°5 8-4-33-2 4-155 
8.E. of the mean 1-47 0-59 1-85 0-71 
of the difference 7'/W = 2-36 

T/L =0-9 


For T/W, t=2-89 For T/L, t=4-4 
Progesterone uterus 4-Day pregnant uterus 
T/L TIL 
Mean tension (g) 18-9 77 10-2 4-0 


uterus apparently develops a higher tension than the progesterone-dominated 


uterus, and considering the ¢ test, the difference between the means of tension 
per g weight is significant with P less than 0-01, whereas the difference in 
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tension. per cm length is significant with P=0-01. We can assume therefore 
that the tension developed is greater in the oestrogen- than in the progesterone- 
dominated uterus if the tensions are related to weight or length. The number 
of progesterone and early pregnant uteri studied is insufficient to justify any 
statistical analysis from which to draw conclusions. However, it appears that 
compared with the progesterone-dominated uterus, the progesterone uterus 
develops less tension and the 4-day pregnant uterus considerably less tension. 
More figures are needed to validate these results. 

The effect of progesterone. Progesterone injected at the beginning of the 
experimental run had apparently no effect on the motility of the oestrogen- 
dominated uterus up to the end of a 6-12 hr record. The rabbit often died 


about 30 min after the injection of more than 0-5 ml. of propylene glycol, but 


in the interim period there was no manifestation of effect as judged by the 
character and amplitude of the spontaneous contractility or the tension 
developed in response to stimulation. Using these criteria and the slope of the 
staircase to indicate a positive effect, the other methods of administration 
were similarly ineffective over several hours, and there was either no change 
in activity, or small inconsistent variations which were likely to occur 
in a control uterus similarly recorded. That there was no reduction in 
stimulated tension comparable with the in vitro effect (Csapo, 19545) was 
certain. 

Observation of the staircase at different intervals of time after an injection 
of progesterone in oil or alcohol indicates that the latent period for the 
manifestation of the effect is approximately 21 hr, though there is wide varia- 
tion. Of the twenty-seven experimental animals, nine showed negative stair- 
cases at 18-21 hr, four at 21-24 hr and five at a later stage (some of these had 
an additional progesterone injection). The other nine showed only transient 
staircases (i.e. no slope) at the times they were observed, but it is possible that 
these uteri passed through a progesterone-dominated stage during the night. 
Figs. 6 and 7 show the staircases of rabbits 9 and 26 to illustrate the criterion 
which was used for classifying the staircase. The slopes of the-staircases are 
not marked, since after a single injection the uterus must be only slightly 
dominated by one hormone or the other. The true staircases indicating a com- 
plete domination are shown in Fig. 4 for a natural oestrous uterus and one in 
early pregnancy; the conditions of these uteri can be reproduced by injecting 
a castrate with oestrogen or progesterone respectively. Rabbits injected with 
oil instead of progesterone show good positive staircases throughout the experi- 
mental runs. The results are shown in Table 3. 8 mg is a more effective dose 
than 4 mg but as high a dose as 20 mg is apparently unnecessary. Those rabbits 
receiving one injection of progesterone showed a return to the positive stair- 
case if observed on day 6 (nos. 12, 26, 27), but though lyg oestrogen is 
sufficient to maintain a uterus in oestrus initially, it is doubtful whether it is 
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a sufficient to effect the transition from a partially progesterone-dominated 
uterus to a fully oestrogen-dominated uterus. 


observed to see whether it altered in character consistently with the hormonal 


glicit more standard behaviour. 


z Fig. 6. Record of the staircases in rabbit 9 at 21(A), 27(B), 45(C), and 51(D) hr after one oil 
* injection of 4 mg progesterone. Tension calibrated in g. The staircase is transient in A and D 
and negative in B and C. 
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In all the stages of hormone domination described, spontaneous activity was 


changes. There was, however, no apparent change either in the pattern of 
contractility or in the tension developed. Under these conditions, therefore, 
observation of the spontaneous activity can tell us little about the hormonal 
control of the uterus and electrical stimulation of the muscle is necessary to 


- ‘Fig. 7. Record of the staircases in rabbit 26 at 21(A), 27(B), 69(C) and 75(D) hr after one oil 


‘The similarity between the results obtained with the uterine muscle in vitro 
_ and in vivo is reassuring since this indicates that in vivo results clearly reflect 


"more complex system of the intact rabbit. The in vivo behaviour of the uterus 


injection of &mg progesterone. Tension calibrated in g. The staircase is negative in A, 
transient in B and ©, and positive in D. 


DISCUSSION 


primary muscle properties not obscured by superimposed regulation in the 
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TABLE 3. ‘The slope of the staircase at the stated time after a single injection of oil or 
progesterone. 0 =transient. In nos. 8, 10, 15, 17 and 18 the initial progesterone 


injection was repeated the next day 
Time Stair- Time Stair- 
No. (hr) case No. (hr) case 
Oil 8 mg progesterone 
l 12 + 17° 21 0 
22 + 27 
28 45 
2 24 + 
30 + 
18 21 - 
3 24 + 27 aa 
30 + 44 pe 
4 19 +. 50 
24 + 19 18 + 
48 + 42 
5 18 + 20 23 0 
24 + 29 + 
47 0 
4 mg progesterone 53 ee. 
21 18 = 
6 19 0 24 0 
24 0. 42 
42 + 48 0 
29 12 0 
7 18 18 0 
8 21 0 23 18 ~ 
27 0 24 0 
45 - 24 8 0 
50 0 
21 0 42 
27 AB 
45 - 25 18 + 
51 0 % 0 
10 21 0 42 
27 0 45 
45 - 26 21 - 
50 _ 27 0 
27 0 
27 24 - 
12 24 + 30 0 
380 0 72 0 
72 + 77 + 
28 21 - 
13 21 0 27 - 
45 
8 mg progesterone 51 0 
14 18-5 0 a af 
oS 20 mg progesterone 
‘5 31 18- 
0 0 
45 42 0 
50 2 48 0 
16 21 - 32 18 0 
27 - 94 
74 ~- 42 0 
117 0 48 + 
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_ is not as regular as in the isolated muscle, but when differences are apparent, 
_ they can usually be explained on the basis of the experimental conditions. 


The oestrogen-dominated uterus has a longer contraction cycle than the 


- progesterone-dominated uterus, and this difference is similar to the one 
_ observed im vitro (Csapo & Corner, 1952). The time relationship between the 


two cycles with one stimulus/2 min is slightly less than 3:1 in vitro and slightly 
less than 2:1 im vivo. Each contraction of the myometrium results in a loss of 
inttacellular potassium with subsequent return during rest (Csapo, 1953) and, 


_ therefore, one would expect a net loss of potassium with higher frequencies 


since the next stimulation occurs before the potassium return has been com- 
pleted. With diminished intracellular potassium the contraction cycle is 
shorter (Corner & Csapo, 1953) and thus the contraction cycles observed in 
these experiments and im vitro (Corner & Csapo, 1953) become shorter with 


_ higher frequency of stimulation. The change in length of the cycle of the 
_ progesterone-dominated uterus is not marked since the potassium content of 
_ the cells at rest is lower and because the muscle is probably nearer to the limit 


at which the duration of the cycle cannot be further shortened. The change 
in potassium content as the frequency of stimulation is increased is greater in 
the oestrogen-dominated uterus which has initially more intracellular potas- 
sium, and this probably accounts for the two types of uteri approaching each 


: other in character with increased frequency of stimulation. Ata frequency of 


1/2 min the oestrogen-dominated cycle is 75% longer than the progesterone- 


- dominated cycle, but at a frequency of 1/4} min only 19% longer. 


The general shapes of the two length-tension curves are the same in these 
experiments as they are in vitro (Csapo & Goodall, 1954), and the oestrogen- 


_ dominated uterus has a convex curve while the progesterone-dominated has 


aconcavecurve relative to a straight line joining the first and last peak tensions. 
However, in vitro the oestrogen-dominated muscle stimulated at suboptimal 
voltage has a curve like that of the progesterone-dominated muscle stimulated 


at optimal voltage, namely a concave curve. This is not so in vivo where the 


shape of the curve is apparently not conditioned by the voltage. The dependence 
of the shape of the curve on the stimulating voltage can perhaps not be demon- 
strated in the intact animal because the uterus has a greater degree of spon- 
taneous motility and, therefore, the margin between spontaneous tension and 


_ tension developed by a sufficiently low voltage is too narrow to permit demon- 
_ stration of the curve at suboptimal voltage. 


The high voltages applied across the uterus for the tension-stimulation 
strength curves were considered to be greatly above the physiological range. 
Csapo (1954c) has shown in the isolated uterus that with such a series of stimuli 
two peaks of tension development are seen. He suggested that at the first 


peak the normal mechanism of stimulation is put into effect by the depolariza- 


tion of the membrane. The height of the first peak can be modified on altering 
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the potassium gradient, in the living animal by hormone treatment, or in the 
isolated uterus by changing the concentration of this cation in the bath. The 
second peak is not dependent on this gradient and tension remains maximal at 
this peak after the potassium gradient is abolished. High stimulation strengths 
applied to isolated segments could not be applied im situ owing to spread of 
current to the body of the animal. As far as spread of current was not apparent, 
however, the in vitro and in vivo experiments may be compared and it can be 


seen from the results that the curves obtained with the intact uterus simulate 


closely in principle those seen in vitro. Since progesterone modifies the activa- 
tion process within the muscle (Csapo, 1954c) it modifies the first peak of 
tension. The second peak, however, is independent of the normal activation 
process and is not modified by progesterone. Thus the first peak is lower in the 
progesterone-dominated uterus as compared with the second peak: Since in 


these in situ experiments the voltage cannot be raised above 75 V, the apex of | 


the second peak is not always reached and hence in only a few of the rabbits 
investigated is the second peak equal to the first in the oestrogen-dominated 
uterus and higher than the first peak in the progesterone-dominated uterus. 
These results, therefore, are in agreement with the in vitro observations as far 
as it is possible to test them. | 

If tension is a function of the weight or the length of the uterine segment, 
then it may be concluded from these results that when uteri are under full 
domination by one hormone or the other the myometrium develops a greater 
tension during direct stimulation in the oestrogen-dominated uterus than in 
the progesterone-dominated uterus. Oestrogen is necessary for the main- 
tenance of the contractile proteins in the myometrial cell (Csapo, 19506) and, 
therefore, the temporary absence of oestrogen in the progesterone uterus and 
the early pregnant uterus probably accounts for the decrease in tension 
observed. The tension is further diminished in the early pregnant uterus since 
the previous oestrogen domination is probably less in natural oestrus than in 
this experimental oestrus. However, since the oestrogen- and progesterone- 
dominated uteri receive equal amounts of oestrogen there must be equivalent 
amounts of contractile proteins present in the muscle (Csapo & Corner, 1951), 
and therefore some other factors must also influence the development of 
tension following direct electrica! stimulation. The work of Horvath (1954) 
indicates that there are alterations in the intracellular potassium and sodium 
concentrations due to hormonal influences and this can influence both the 
development of tension and the behaviour of the uterus (Csapo, 1954c). Csapo 
(1954d) found by varying the electrode distances in the uterus that the con- 
duction properties of the muscle depend on the hormone domination. It might 
be inferred, therefore, that the diminished tension observed in the pro- 
gesterone-dominated muscle is due to one or both of these factors rather than 
to a reduction in the actual contractile capacity of the myometrial fibres. 
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_ pregnancy a high level of progesterone is assumed to be present, and therefore 
_ in late pregnancy when the level has begun to fall less time is required to raise 


_ having virtually no progesterone. 
in situ. This finding supports the early conclusion (Csapo, 19546) that the 


in tension without altering the staircase which is highly characteristic of the 
effect of progesterone. 


: uterus i situ in response to direct electrical stimulation. 

tion of injected or naturally secreted oestrogen and progesterone and the 
_ results were similar to those previously observed in witro. 
: muscle length on the tension developed; (c) in the relation of stimulusfrequency — 


by oestrogen or progesterone indicates that the progesterone-dominated 


is related to the weight or the length of the segment. 


- the injection when the character of the muscle contractility begins to change 


_ @ Fellowship from the Carnegie Institution of Washington. My thanks are due to Dr A. Csapo for 


~ Ciba Ltd. very kindly provided the supply of crystalline oestrogen and progesterone. 
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An average of 21 hr was required for any demonstration of effect following 
@ progesterone injection. This figure is in agreement with those of Csapo 
(1954 a) who found that rabbits on the thirty-first day of pregnancy were 
protected from pituitary-induced premature labour by injection of progesterone 
12-24 hr previously, and on the thirtieth day 6-12 hr previously. During 


the progesterone to its former level than is required in an oestrous rabbit 


No immediate effect of progesterone could be demonstrated on the uterus 


>» 


in vitro effect of progesterone is non-specific since it results only in a decrease 


| SUMMARY | 
1. Observations were made of the isometric tension developed by the rabbit 


2. The behaviour of the muscle was studied when it was under the domina- 


3. Characteristic differences, produced by the two hormones, were found: 
(a) in the duration of the contraction-relaxation cycle; (b) in the influence of 


to tension (staircase phenomenon); (d) in the relation of stimulus strength to 
tension. 
4. A statistical analysis of the tensions developed in uteri fully dominated 


uterus develops less tension than the oestrogen-dominated uterus when this 


5. Progesterone apparently produced no alteration in the character of 
spontaneous activity. 
6. Injected progesterone has a latent seni, and the period of time after 


from the oestrogen-dominated behaviour is about 21 hr. 
7. The significance of these findings is discussed. 


This work was carried out during the tenure of a Smith-Mundt Fellowship and subsequently 


stimulating discussion, and to him and Dr G. W. Corner for helpful comments on the manuscript. 
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_ THE RELATION BETWEEN PHOTICALLY EVOKED SPECIFIC 
RESPONSES AND STRYCHNINE SPIKES IN THE 
VISUAL CORTEX OF THE CAT 
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- The effect of local application of strychnine on the cortical response to stimula- 
- tion of the optic nerve has been investigated in the cat by Chang & Kaada 
(1950) and Bishop & Clare (1952), while Marshall, Talbot & Ades (1943) used 
picrotoxin in a similar way. It is generally considered that strychnine and 
other convulsants merely increase the relative size of certain elements of the 
_ normal specific response. In the present study, by using repetitive flashes of 
light and saturated strychnine solutions, it has been shown that the specific — 
cortical response to a flash can be differentiated from the strychnine spike as 
- aseparate event. Particular attention has been paid to the changes that occur 
in the relationship between the specific response and the strychnine spike as 
 @ sequence of evoked specific responses and strychnine spikes progresses. 

Jasper & Ajmone-Marsan (1952) noted that strychnine spikes can be 
repetitively evoked by photic stimulation but they did not describe the 
characteristics of the evoked spike sequences. Recently, Wright, Andrew & 
Jacobson (1954) have studied the frequency, duration and method of termina- 
tion of trains of strychnine spikes evoked by repetitive electrical stimuli 
applied directly to the surface of isolated and partially isolated cortex in the 
cat. The present investigation extends these latter observations to include 
intact cortex and the effect of a more natural stimulus. 


MATERIAL AND METHODS 


Fourteen cats were used, and in eleven of these both hemispheres were investigated; the animals 
were anaesthetized with intraperitoneal pentobarbitone sodium (Nembutal, 30-45 mg/kg); in 
three animals supplementary ether anaesthesia and local infiltration with procaine were necessary 
during exposure of the brain. During the course of each experiment (up to 12 hr) the anaesthesia 
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was kept as light as possible except when it was purposely deepened at the end of some experi- 
ments to test the effect on the cortical response to photic stimulation. 

The bone overlying the visual cortex of both sides was completely removed, including that over 
the sagittal sinus. Warm liquid paraffin was applied before opening the dura and was replenished 
at intervals. 

The lids and nictitating membranes of both eyes were retracted and the pupils dilated by 
instillation of 1% atropine sulphate into the conjunctival sacs. The retinae were stimulated by 
brief flashes from a gas discharge tube {1-2 J/flash, duration to 1/e = 15 usec) placed approximately 
30 cm. in front of the animal’s eyes. Variable frequencies from 0-5 to 30 flashes/sec were used. All 
records were taken in a darkened room except when the effect of combined intermittent and 
constant retinal illumination was being tested. Two types of constant illumination were tried: 
the one a bright light held within 30 cm. of the animal’s eyes, and the other a shaded light situated 
several feet above the animal, 

Saturated strychnine sulphate solution was applied locally to the cortex with squares of filter- 
paper approximately 1-5 x 1-5 mm. 

Flexible, silver wire electrodes, with a ball tip (diameter 0-5 mm) which rested lightly on the pial 
surface were used. For bipolar records these electrodes were separated by 1-2 mm and for 
unipolar records an indifferent silver electrode was placed on the muscles at the back of the neck. 
Potential changes were recorded on a six-channel ink-writing elect phalograph of which one 
channel was connected to a photocell to record the stimuli. 


Fig. 1, In this and the subsequent figures the stimulus is indicated by a dot. A, normal ‘single’ 
specific response to a flash of light; B, typical ‘double’ response to a single flash ; C, ‘multiple’ 
response showing four well-developed cages waves (slower paper speed). Time mark 
250 msec. 


_ RESULTS 
Form of specific visual response in non-strychninized cortex 
With relatively deep anaesthesia, the specific response to a flash consists of 
a brief surface positive phase followed by a more prolonged negative phase 
which is usually of lower amplitude. In less deeply anaesthetized animals the 
surface negative wave is more prominent (Fig. 1A). Moreover, a single flash 
often evokes two or more cortical responses (Fig. 1B, C). The form of these 
multiple responses is rather variable, even to consecutive flashes, but the first 
surface negative wave is usually the largest and occurs with a latency of 
25-35 msec, as measured from the stimulus. The second negative wave has a 


latency of 100-120 msec from the flash, while the third and subsequent waves, 


when they appear, follow at 70-90 msec intervals. 

The amplitude of the specific responses is always greater in the anterior 
than in the posterior part of the visual cortex. 

Within 1 min of the topical application of a saturated solution of strych- 
nine sulphate there is a marked increase in the amplitude of both the surface 
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positive and surface negative components of the specific response recorded 
from the strychninized point. Thereafter spontaneous strychnine spikes occur, 
and low frequency stimulation (1-3 flashes/sec) evokes strychnine spikes, of 
similar form, which bear a variable relationship to the specific responses.* 
At the beginning of a train of evoked strychnine spikes, the initial positive 
phases of each spike and of each specific response fuse and summate and, since 


_ the subsequent phases of the strychnine spike follow directly after, the 


F 
Fig. 2. A to D, progressive temporal separation of specific response and strychnine spike as a train 
of evoked responses progressed; E, first specific response to occur after driving had failed in 
this train; F, strychnine spike occurring on second component of a multiple response; 
G shows that the first specific response to occur after a train of evoked strychnine spikes has 
failed is reduced in amplitude and that driving does not re-oceur until the specific response 
has built up to a critical minimal am+litude. Time mark 250 msec. 


negative component of the specific response is obliterated. Later in the same 
train of evoked potentials, the strychnine spikes and the specific responses 
become temporally separated in the following sequence: 

(a) The initial positivity of the spike occurs later than the positive phase of 
the specific response so that the evoked complex begins with a notched positive 
phase or with two separate positive phases (Fig. 2B, C). 

(b) Both the positive and negative phases of the specific response occur 
before the strychnine spike (Fig. 21D), in which case the initial positive phase 
of the spike is either unchanged or is much reduced. 

(c) In those experiments in which a ‘multiple’ specific response occurs the 


strychnine spike can be superimposed on the second specific response (Fig. 2F). 


The progressive separation in time between the specific response and the 
evoked strychnine spike always occurs towards the end of a train of evoked 
* The term strychnine spikes does not refer to a brief monophasic potential but to a triphasic 
wave complex (typically positive-negative-positive as recorded at the surface) of 1-2 mV in 
amplitude and up to 300 msec in duration with unipolar recording. 
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spikes which follow at the flash frequency. Thereafter the spikes are commonly 
evoked by alternate flashes so that uncomplicated specific responses alternate 
with ‘specific response-strychnine spike’ complexes. When this occurs the 
temporal fusion of the specific response with the strychnine spike is usually as 
complete as at the beginning of the train. The sequence of progressive separa- 
tion occurs again even when the spikes are being evoked only by every second 
flash (Fig. 3). 


Fig. 3. A series of strychnine spikes evoked at a frequency of 3 c/s showing their gradual separa- 
tion from the specific response and subsequent following at half the flash frequency before 
terminating abruptly. Time mark 1 sec. 


With the concentration of strychnine used in these experiments the only 
change generally observed in the strychnine spike, during an evoked train, is 
in the initial surface positive phase which combines with the specific response 
in the manner described above. The surface negative and final surface positive 
phases are usually constant in amplitude and duration and are similar to — 
those of spontaneous spikes. On rare occasions, however, all phases of the 
spike are diminished in amplitude towards the end of a train so that the 
resulting wave-form is similar to the potentiated specific response which 
occurs shortly after the initial strychninization. On the other hand, the 
amplitude of both phases of the specific response is affected by 2 preceding 
strychnine spike. Thus Fig. 2G shows that when a series of spikes has failed 
to follow the flash frequency the first uncomplicated specific response is 
reduced in amplitude, and that a strychnine spike does not follow the specific 
response until the latter has approached its normal amplitude. 

Since a more detailed analysis of the interaction between the specilic 
response and the strychnine spike is in progress, it is only necessary at this 
stage to present evidence that the temporal separation of the specific response 
and the spike is not due to the two events becoming appreciably separated in 
space along the horizontal plane of the cortex. Fig. 4 shows that with close 
(1-2 mm) bipolar electrodes bridging a very small strychninized area, the 
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recordings of the specific responses and the strychnine spikes do not vary in 
wave-form as the two events become separated in time. On the other hand, 
when spontaneous spikes (i.e. spikes not evoked by photic stimulation) occur 
the wave-form of the records changes appreciably even though the spontaneous _ 
spikes must have arisen from only slightly different points in the circum- 
scribed area strychninized. 
Factors influencing repetitive evocation of strychnine spikes by photic stimulation 
Even in lightly anaesthetized animals the maximum frequency at which 
spikes can be evoked after strychninization of a single point is between 
3 and 3-5/sec. At flash frequencies between 4 and 9/sec even the early spikes 
occur at subharmonics of the flash frequency—in no case above 3-5/sec. At 


higher frequencies of stimulation spikes are either completely blocked or else 
occur spontaneously with no relation to the flashes... 


Fig. 4. Bipolar recordings from small strychninized area. Observe in record A that apart from 
the separation of the specific response from the strychnine spike the wave-form of the evoked 
potential remains constant. Record B is of the spontaneous spikes which occurred and which 
show marked variations in wave-form. Calibration: 1 mV. Time constant of amplifier 1 sec, 
time mark 250 msec. 


These observations suggest that after each spike there is a period of about 
300 msec during which a flash cannot evoke a specific response of sufficient 


_ amplitude to trigger another spike. It would thus appear that any factor that 


reduces the cortical response to photic stimulation (as evidenced by a reduc- 
tion in amplitude of the specific response) would tend to reduce the frequency 
at which spikes can be evoked. Indirect confirmation for this is derived from 
the following observations: 

(a) As described above (Fig. 2G), the first specific response that occurs after 
a train of spikes has failed to follow the flash frequency, is reduced in amplitude 
and another spike is not evoked until the specific response has regained its 
normal amplitude. 

(b) Spike series evoked at posterior points on the visual cortex fail at lower 
frequencies and are maintained for shorter periods than series evoked from 
anterior points. This may be correlated with the observation that the maxi- 
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mum amplitude of the specific responses occurs in the anterior part of the 
visual cortex. 

(c) Flashes at more than 9 c/s either completely block a series of steychnine 
spikes or else spikes occur with no relation to them. This in turn may be cor- 
related with the observation that specific responses occurring at this frequency 
are decreased in amplitude — with the specific responses at lower 
frequencies. 


Fig. 5, The effect of constantly illuminating the retina with a bright light during a series of evoked 
strychnine spikes, Note the immediate blocking of evoked spikes and the reduction in 
amplitude of the specific response. After the period of constant illumination there is a gradual 
increase in amplitude of the specific response before regular driving is re-established. The 
continuous line between arrows indicates period of constant illumination. Stimulus escape 
indicates the timing of the flashes. Time mark 1 sec. 


(d) Ifa constant bright light falls on the retina the amplitude of the specific 
response is reduced and, during the course of a series of spikes produced by 
repetitive flashes the spike series is blocked, though spontaneous spikes 
unrelated to the flashes do occur. At the end of the period of constant illumina- 
tion spikes recur in regular sequence only when the specific response has 


returned to its normal amplitude (Fig. 5). With constant illumination from 2 — 


weaker source the blocking of a series of spikes is not complete so that spikes 
are irregularly evoked by the flashes. In these circumstances the amplitude of 
the specific responses is not so greatly reduced and, moreover, when the weak 
source is switched off the regular train of evoked spikes returns immediately. 
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The spikes which are evoked during the period of weak constant illumination 
are always temporally separated from the specific response in the same way 
as those shown in Fig. 2A-D. This strongly suggests that in both cases 
temporal separation of the specific response and the evoked strychnine spike 
occurs when the specific response is only just adequate to evoke the latter. 

If the retina is illuminated by the bright source for a period immediately 
before the beginning of a series of flashes a regular series of spikes is not 
evoked for a further period during which the amplitude of the specific response 
progresses to an ‘adequate’ value. The duration of this latter period is, within 
limits, related to the duration of the preceding period of constant illumination, 
suggesting that this effect is due to retinal adaptation. 


Fig. 6. The effect of excluding flashes from one eye on the driving of strychnine spikes. The arrow ~ 
indicates the removal of the eye shield and the innmediate return of driving. Time mark 1 sec. 


(e) Excluding flashes from one eye always results in a decrease in the 


- ‘duration of a train of evoked spikes and also commonly reduces the maximum 


frequency of following. This effect is always associated with some decrease in 


_ the amplitude of the specific response which is of varying degree in different 


parts of the visual cortex in one or both hemispheres. There is a direct re- 


: lationship between the degree of the decrease of the specific response and the 


magnitude of the effect on the train of spikes. No consistent ipsi- or contra- 
lateral effect is, however, found. Uncovering the eye immediately restores 
both the amplitude of the specific response and the regularity of the evoked 
spikes (Fig. 6). 

The most probable explanation of the effects of covering one eye is that this 


procedure diminishes the number of impulses reaching each lateral geniculate 


nucleus, and hence decreases, at the geniculate or cortical level, the efficiency 
of photic stimulation for exciting cortical strychnine spikes. 

(f)} Increasing the depth of anaesthesia diminishes the amplitude of the 
specific response, and it is also found that spikes cannot be evoked at such 
high frequencies and that the duration of the trains are shorter. Further, the 
temporal separation of the specific response and strychnine spike come on 


earlier and proceed more rapidly. In very deeply anaesthetized animals no 
regular sequence of strychnine spikes can be evoked. 
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In summary, the above observations indicate that the ability of photic 
stimulation to evoke strychnine spikes in the visual cortex depends upon the 
amplitude of the specific response which in turn can probably be affected at 
the retinal or cortical level, and possibly also at the geniculate. 


Frequency relationships between specific responses and evoked strychnine spikes 

While the maximum frequency at which spikes can be evoked is about 
3-5 c/s, this maximum is not attained in every animal (depending particularly 
on the depth of anaesthesia) nor is it maintained for more than 7 sec. A spike 
series invariably begins with the first flash and the highest frequency occurs 
at the beginning of the series and continues for a variable period. Thereafter 
one of the following events occurs: 


(a) Most commonly the spike frequency drops to half its initial value and 


after a further period spikes occur at random with long intervals between them 
(Fig. 5). 

(b) The spike series stops abruptly either before or after a subharmonic 
frequency is established and there is a long period during which no spikes 
occur although photic stimulation continues to evoke specific responses. 

, (c) The series loses its regularity without the establishment of subharmonic 
\ 

Once a spike series has terminated in one or other of the above ways, the 
initial frequency is never regained unless photic stimulation is discontinued 
and restarted. The maximum period for which stimulation has to be dis- 
continued is of the order of a few seconds. 

If a spike train begins at a frequency of between 2 and 3:5 c/s and subse- 
quently terminates in one of the above ways, then reducing the flash frequency 
to approximately 1 c/s often results in a regular series of evoked spikes at the 
new frequency. Also, if spikes can be driven at a relatively high frequency, 


then a series initiated by low flash frequencies can be prolonged almost 


DISCUSSION 

The observations reported here on the latencies, form and distribution of the 
specific response to gross photic stimulation agree closely with those of Claes 
(1939) and Marshall et al. (1943). According to them the cortical response to 


photic stimulation differs from that evoked by electrical stimulation of the 


optic nerve in that it is of longer duration; the surface negative component is 
more prominent; a series of small, brief spikes on the initial positive wave 
cannot be distinguished; and, finally, multiple responses to a single stimulus 
occur with photic but not with electrical stimulation. These differences suggest 
that with photic stimulation more cortical neurones are activated by each 
stimulus and there is a greater degree of temporal dispersion in their discharge. 
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Hence the effects produced in strychninized visual cortex by photic stimula- 
tion and by electrical stimulation of the optic nerve need not necessarily be 
comparable. | 

Previous authors have inferred that a strychnine spike is merely an ex- 


tremely potentiated specific response. Indeed, Bishop (1949) states that ‘the 
cortical response to stimulation of an afferent path consists of two parts, a 


specific response indicating projection of the afferent, and a response of the 
alpha mechanism. The former of these, under the influence of strychnine, can 
be identified with the cortical spikes of paroxysmal activity.’ Under the con- 
ditions of repetitive stimulation described in this article it has been found that 
the specific response and. the strychnine spike are in fact coincident at the 


~ beginning of a sequence of stimuli but that the two draw apart as the sequence 


progresses. Moreover, specific responses and strychnine spikes can occur 
independently in strychninized cortex and the amplitude of the specific 
response varies while all but the initial surface positive phase of the strychnine 
spike remain constant. Hence the fully developed strychnine spike should not 
necessarily be considered as merely an exaggerated specific response. It may 
well be that the cell groups participating in these phenomena overlap, parti- 
cularly since the strychnine spike tends to diminish the ampiftude of a suc- 
ceeding specific response, but the evidence from bipolar recording suggests 
that the volume of cortex involved in a strychnine spike greatly exceeds that 
involved in a specific response. Using very weak solutions of strychnine, 
Bishop & Clare (1952) have shown that significant variations in the relation 
between the specific response and the strychnine spike may occur. They 
observed an approximately logarithmic relation between the amplitude of the 
positive phase of the specific response and the delay of the negative wave 


assignable to the action of strychnine, such that the lower the positive 


response the later was the start of the negative wave. When the strychnine 
spike occurred late, they found that the normal late negative wave of the 
specific response’ was exposed as a separate component and that the spike 
could start abruptly with this negative wave as a base-line. To account for 
these changes and for the variations which occur in the normal specific 
response they infer that ‘these processes are activated across successive 
synapses and if a constant fraction of all synapses were blocked, successive 
responses would be progressively decreased’. The temporal separation and 
interaction between specific response and strychnine spike as described herein 
might similarly be explained on the basis of successive blockage of a fraction 
of the synapses between the groups of cortical neurones involved, as a train 
of evoked responses progresses. Until there is more evidence on which to 
correlate wave form with activity in different groups of cells or with different 
parts of the same neurones the exact relationship between the specific response 
mechanism and the strychnine spike mechanism must remain speculative. 
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The observations on photically induced strychnine spikes confirm the results 
obtained by Wright et al. (1954) on spikes evoked by direct electrical stimula- 
tion of isolated and partially isolated cortex in the cat. The maximum fre- 
quency at which spikes can be driven is 3-3-5/sec and this frequency can only 
be maintained for approximately 10 sec; as a train of evoked spikes progresses 
the latency between the stimulus and the spike increases, and the spike trains 
tend to drop to a subharmonic of their initial frequency before they terminate. 
The main difference between the two sets of observations is that the spike 
series induced by stimulation of the cortex generally ends abruptly, whereas 
with photic stimulation, although an abrupt termination does sometimes occur, 
it is more common for the spikes to become irregular and random. In this 
latter respect photically induced spikes resemble those elicited by electrical 
stimulation of intact cortex. In relation to the theme of the present study, 
perhaps the most significant similarity between spikes elicited by photic 
stimuli and those elicited by direct stimulation of the cortex is that in both 
cases the latency between stimulus and strychnine spike is variable, and that 
therefore there is no stereotyped route within the cortex from the point of 
entry of a stimulus to the site at which convulsant activity arises. 


SUMMARY 


1. The relation between the specific cortical response to a brief flash of light 
and the strychnine spike response which it evokes has been aye in cats 
under light pentobarbitone anaesthesia. 

2. By using repetitive flashes and by varying the conditions of illumination 
it has been shown that the strychnine spike can be differentiated from the 
specific response as a separate event. 

3. Towards the end of a train of evoked potentials the specific response and 
the strychnine spike become progressively separated in time until strychnine 
spikes are either evoked at subharmonics of the flash frequency or are com- 
pletely blocked. 

4. The ability of photic stimulation to evoke strychnine spikes appears to 
bear a direct relationship to the amplitude of the specific response, which can 
be affected at the retinal or coftical, or possibly geniculate, level. 

6. It is confirmed that the maximum frequency at which strychnine spikes 
can be evoked is about 3-5/sec and that this frequency can only be maintained 
for about 7 sec. 


M. K, Wright and W. A. Cobb were in receipt of expenses grants from the Institute of Neurology, 
which are gratefully acknowledged. 
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INTRACORTICAL EXCITATION FOLLOWING 
STRYCHNINE SPIKES 


By W. A. COBB, W. M. COWAN,* T. P. 8. POWELL* anv M. K. WRIGHT 


From the Department of Applied Electrophysiology, The National H osprtal, 
Queen Square, London, W.C. 1 


(Received 18 January 1955) 


During an investigation on strychnine spikes evoked in the visual cortex of 
the cat (Cobb, Cowan, Powell & Wright, 1955) it was noticed that, when 
strychnine was applied to two points about 7 mm apart, a-spike at one point 
was often followed after a relatively long delay by a spike at the other; when 
several similarly spaced points in line were so treated, spikes might occur in 
turn at each succeeding point. The delay between spikes was too great to be 
due to conduction in cortico-cortical fibres (Dusser de Barenne & McCulloch, 
1939) but could have been due to a spread of excitation in the deep layers of 
the cortex similar to that described following electrical stimulation in intact 
(Adrian, 1936) and isolated cortex (Burns, 1950, 1951; Burns & Grafstein, 
1952). This paper deals with observations on the excitatory process set up in 
intact and isolated cortex of the cat by a strychnine spike. 


MATERIAL AND METHODS 


The cats were anaesthetized with intraperitoneal pentobarbitone sodium (Slembiahel, the anaes- 
thesia being as light as possible during the period of recording. The visual cortex on both sides was 


exposed and, on one or both sides, the exposure extended as far forward as the motor cortex — 


around the cruciate sulcus, and to the suprasylvian gyrus laterally. Both hemispheres were used 
in four of the eight cats. Drying of the cortex was prevented by a layer of warm liquid paraffin. 
Areas of cortex 3-4 cm long and about 7 mm wide were undercut by inserting a flat metal strip 
through a linear incision in the pia, passing it as nearly as could be judged along the plane between 
grey and white matter. Vertical incisions on either side of the undercut strip were made, when 
required, by passing an iridectomy knife under the pia with its blunt edge uppermost, sliding 
under the pial vessels. Both these instruments were lubricated with liquid paraffin to prevent 


sticking to brain tissue. The strips partially isolated in this way lay either in the lateral or in the 


suprasylvian gyrus, joined by an intact bridge to the visual cortex, the extent of the isolated 
region being subsequently checked in serial sections stained with Thionin. 

Saturated strychnine sulphate solution was applied to the cortex on squares of filter paper, 
about 1-5 x 1-5 mm?, 


. Department of Human Anatomy, Oxford. 
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The lids and nictitating membranes of both eyes were retracted by clamps and the pupils 
dilated with 1% atropine sulphate solution in the conjunctival sacs. The retinae were stimulated 
by light flashes from a gas discharge tube (1-2 J/flash, duration (1/e) 15 psec). The electrodes on 
the cortex were balls, 0-5 mm in diameter, fused on the ends of fine silver wires, and the electrical 
changes were recorded by a six-channel ink-writing elect phalograph. Both bipolar and 
unipolar recordings were made, 


RESULTS 

Partially isolated cortex 

Flashes of light at 1 flash/sec or less each evoked a spike from a strychninized 
area in intact visual cortex; this in turn was followed by a strychnine spike 
from each successive treated point in the partly isolated cortex provided that 
the points were not more than 6-7-5 mm apart (Fig. 1). Ifa flash failed to 
| evoke a spike in intact cortex, then the whole sequence failed, and if a gap 


pc, 


Fig. 1. The characteristic delay in appearance of strychnine spikes in an undercut area of cortex 
following an evoked spike in the visual cortex. The undercut area is stippled and the strych- 
ninized points are indicated by solid squares. Time mark 250 msec. P.C, =photocell. 


was more than about 7:5 mm, or if a transection of the isolated strip was made, 
no spike appeared at any point beyond. Large amplitude spikes were only 
recorded from the areas immediately around strychninized points and not 
from the intervening cortex; at any point the wave-form was nearly constant 
and the delay from point to point showed little variation if the separations 


were similar. 
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This dehis between points separated by about 5 mm, was 20-33 msec in 
different experiments, indicating a rate of spread of an excitatory process 
through the grey matter of 15-25 cm/sec, This rather wide range seemed to be 
associated with variations in separation of the strychninized points, but the 
question could not be settled with certainty since the relation between the 
area of filter-paper applied and the area of cortex affected by strychnine could 
not be determined precisely. 

Strychnine spikes cannot be evoked from intact cortex at a higher frequency 
than 3-5/sec (Cobb e¢ al. 1955) and regular one-to-one following fails earlier 
with the higher stimulus frequencies, lasting, for example, several minutes at 
1 flash/sec but only 7 sec at 3 flashes/sec. The spikes from partially isolated 


Fig. 2. during the course of a train of evoked spikes at the 
initiating point (trace C), an intermediate point (record B) and the most distant point in the 
series (trace A). The records shown in the first vertical row are taken from the beginning of 
the train, those in the second and third rows at intervals during the train, and those in the 
fourth row just before the spikes failed to follow the flash frequency. The fifth row shows the 
sudden decrease in delay that occurs with the first spike drawn at a subharmonic frequency. 
Time mark 250 msec. The flashes are indicated by arrows. 


cortex usually followed those from intact cortex over the whole frequency 
range and for the complete duration of a series; sometimes, however, the spikes 
from the most remote points became irregular or dropped to half the stimulus 
frequency before there was any change at a point on intact cortex. 

When the stimulus frequency was more than about 1 flash/sec the rate of 
spread of the excitatory process decreased with time, the degree of change 
being closely related to the frequency (Fig. 2). For example, in one experiment 
the initial rate of spread in several series of flashes at different frequencies was 
20 cm/sec; at a stimulus frequency of 1-5 flash/sec it fell to 16-4 cm/sec and 
then remained constant; at 2 and 3 flashes/sec it fell to 13-8 and 12-8 cm/sec 
respectively, after which the spikes from isolated cortex only recurred after 
every other spike from intact cortex. The fall in rate of spread, in these three 
series, from 20 to 16 cm/sec occurred in 14, 11 and 1 sec respectively, so that 
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this was not an effect merely of the number of spikes in the series. The increase 
in delay from any point to a successive point was approximately uniform and, 
in particular, was not different at the junction between intact and partially 
isolated cortex. By varying the stimulus frequency the delay between suc- 
cessive points could be increased or decreased at will, except that when it fell 


below a minimum (equivalent to 10-14 cm/sec in different experiments) a spike 


was not evoked at the next point. 

The delay between the onset of the specific response of visual cortex to a 
flash and the strychnine spike evoked by it increases progressively during a 
series of flashes until finally a spike does not follow each specific response 
(Cobb et al. 1955). Hence, during repetitive stimulation, the spikes arising 
from the further points on a strip of partially isolated cortex are separated in 
time from the flash and the specific response by intervals which are pro- 
gressively prolonged due to the increased latency of the spike from intact 
cortex and also the decreased rate of conduction in the partially isolated strip. 
Both these processes terminate in failure to evoke further spikes, and whether 
the spike drops out only at the final one or more points of the series on the 
partially isolated strip, or from all points simultaneously, depends on which 
process develops more rapidly. 

During repetitive stimulation it was commonly observed that the form of the 
strychnine spikes at some points was changed from the fully developed triphasic 


_ form (Fig. 3A), the change consisting of decrease in amplitude of all the com- 


ponents and increase in duration of the surface negative phase; these changes 
became more pronounced as any one period of repetitive stimulation pro- 
gressed. Like the variation in the rate of spread of the excitatory process the 
changes in wave-form occurred more rapidly with higher stimulus frequencies, 
an effect which was reversible. There was a critical spike amplitude below 
which excitation failed to spread to the next point, suggesting that a certain 
minimal reinforcement was necessary for the excitatory process to cross the 
gap (Fig. 3B). Finally, changes in form of the spike at the most distal point 
in the chain were never observed (Fig. 3A). 


Intact cortex 


In most of the experiments, observations were made on the spread of 
excitation between several strychninized points before a strip of cortex was 
partially isolated; the series of points led from the visual cortex either towards 
the motor cortex surrounding the cruciate sulcus er through a break in the 
lateral sulous on to the suprasylvian gyrus. Spikes were induced in the visual 
cortex by photic sti;-slation, though they also occurred spontaneously at any 
of the strychninized points. 

The delay between spikes from adisones points on intact cortex was not 


always uniform, being sometimes long between two points and short between 
21-2 
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subsequent points; excitation also sometimes spread slowly from the first to 
the segond point but rapidly from the first to the third or fourth in a series, so 
that the spikes appeared at the further points earlier than at the nearer. 


Subsequent undercutting of the cortex resulted in uniformly long delays from | 


point to point, suggesting that conduction in cortico-cortical fibres accounted 
for the shorter delays. In one experiment, as the frequency of evoked spikes 
was increased, there was an abrupt fall in the conduction velocity from 100 


Fig. 3. A, the change in wave form which occurs when a third point is strychninized. The initiating 
point on intact cortex is not shown. B, to show falling out of spike at most distant point 
(upper trace) when the amplitude of the spike at the intermediate point (middle trace) falls 


below a critical minimal level. Time mark 250 msec. 


to 10 cm/sec; this effect was reversible, indicating that impulses presumably 
travelling in cortico-cortical fibres failed to evoke spikes at frequencies 
at which excitation spreading in the grey matter could still do so. 

i Provided that cortico-cortical conduction was not involved it was found 
that if a strychnine spike occurred at any intermediate point the excitation 
might spread in either direction from it (Fig. 4). The excitatory process failed 
to cross incisions through the grey matter between two points though spikes 
occurring on either side of an incision might set up excitatory processes 
travelling towards it. Moreover, when two points several cm apart were 
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strychninized, spikes might occur independently at either, but if several 
intermediate points were strychninized, then a bridge was set up for the exci- 


tatory process and the spikes no longer occurred independently. Excitation 


did not, however, cross a fissure, presumably because the distance between 
adjacent strychninized points was too great, being more than 5-7 mm. 

Cortex undercut but not isolated behaved like intact cortex except only for 
the uniformity of conduction rate through it. 


| 


Fig. 4. Records taken from a series of five strychninized points on intact cortex to show that the 
excitatory process set up by a spike evoked at an intermediate point in the series can spread 
simultaneously in both directions or in either direction alone. Time mark 250 msec. 


DISCUSSION 


These experiments show that the excitatory process set up by a strychnine 
spike travels within the cortex at a velocity which is slow compared with that 
of conduction in nerve fibres, and for a limited distance. Partial isolation 
procedures exclude the possibilities that this excitation travels in cortico- 
cortical fibres or circuits involving subcortical neurones, or even by electric 
fields set up by neuronal activity (Gerard & Libet, 1940). 

There are similarities between the excitatory process and the surface 
positive response caused by direct electrical stimulation of the cortex, attri- 
buted by Adrian (1936) and Burns (1950) to activity in deep cortical neurones; 
in particular the relatively low velocity of spread, the extent of spread in 
animals under barbiturate anaesthesia, and the changes in velocity with 
variation in the frequency and duration of stimulation, are common features. 
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However, there are quantitative differences which are probably due to the 
effect of strychnine in our experiments, for though Adrian’s (1936) results 
were obtained from the rabbit cortex, he states that those from the cat were 
similar. 

The velocity of the excitatory process as it nial from strychninized 
point to point has usually been a little greater than that described for the 
surface positive response, which difference could be due to acceleration in the. 
strychninized areas (McCulloch, 1949). The extent of this effect would depend 
both on the volume of cortex affected by strychnine and on the degree to which 
acceleration occurred in strychninized cortex; neither of the latter factors 
could be estimated precisely from our results. The accelerating action of 
strychnine would also explain why the velocity of the excitatory process was 
partly dependent on the spacing of strychninized points, being apparently less 
when the points were relatively far apart. However, an alternative explana- 
tion for the effect of spacing is that the velocity of the excitatory process 
decreases as it spreads. 

The increase in delay between spikes Scat any pair of adjacent points which 
occurs during a repetitive series has been equated with a progressive decrease 
in conduction velocity of the excitatory process. A different interpretation is 
suggested by the behaviour of the strychnine spikes from intact cortex, which 
show a similar increasing delay in relation to the specific responses which evoke 


them (Cobb e al. 1955); the conduction velocity of the excitatory process 


might, therefore, remain unaltered, while the process giving rise to increasing 
local delay in intact cortex, whatever it may be, might account for the similar 
changes in the isolated strip. 

Although this interpretation has the advantage of unifying the two pheno- 
mena there are several points which make its acceptance difficult. The range of 
time-intervals between spikes from adjacent points on the isolated strip is 
greater than that of the delay between specific response and the spike which 
it evokes, though this might be due to the anatomically different invasion of 
the cortex by the stimulus. This anatomical difference, stimulation through 
geniculo-striate fibres on the one hand and by intracortical neurones on the 
other, itself makes a common mechanism less likely. Furthermore, the delays 
at the two sites can be seen to vary independently, which they would be less 
likely to do if they had the same basis. 

Adrian (1936) found that a stimulus frequency of > 10/sec was necessary to 
cause spreading excitation and that it was set up more rapidly at higher 
frequencies, though one-to-one following would then fail earlier. In our 
experiments, in which facilitation was due to strychnine and not to repeated 
stimulation, a spreading excitation was regularly obtained at stimulus rates of 
1/sec and also occurred in response to isolated flashes. On the other hand, the 
failure of the spreading response at stimulus rates above 3:5 flashes/sec is 
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determined by the impossibility of evoking strychnine spikes at a higher rate 
than this, either by flashes or, in isolated cortex, by direct electrical stimuli 
(Wright, Andrew & Jacobson, 1954). 

Although the deeper layers of the cortex evidently play a major part in the 
strychnine spike and in the excitatory process these are, at least partially, 
independent phenomena, for the following reasons: large amplitude triphasic 
strychnine spikes were only recorded in the immediate neighbourhood of 
strychninized points, although the excitatory process could pass across the gap 
to the next point; when the velocity of the excitatory process changed, the 
form of the spike was usually unaltered; sometimes, however, there was a 
marked decrease in spike amplitude without a corresponding change in 
velocity. 

In some experiments the wave-form of the strychnine spikes was altered, the 
positive phases being most affected. This would be expected if these phases 
were due to activity in the deeper layers of the cortex, on the assumption that 
some of the deeper neurones had been made refractory by the excitatory — 
process. Further, the negative phase was often prolonged, suggesting less 
synchrony in the superficial cortical layers secondary to a more dispersed 
discharge in the deeper layers. 

A possible relationship between the strychnine spike and the spreading 
excitatory process can be suggested. The initial positive phase of each spike 
may represent the synchronous discharge of deep neurones in a circumscribed 
region and the negative phase the spread of activity to the surface under the 
influence of strychnine (due either to antidromic depolarization of shaft 
dendrites or to excitation of superficial neurones by ascending axons); the | 
final positive phase may be due to more widespread and temporally dispersed 
activity in the deeper layers. Facilitation by strychnine might be expected 
to have effects similar to those of repeated electrical stimulation of the cortical 
surface and result in a deep, surface positive, response in a large number of 
neurones. The similarities in the mode of spread of the response to electrical 
stimulation suggest that this exaggerated deep response is identical with the 
spreading excitation described in this paper. The large size of the final surface 
positive phase indicates the involvement of great numbers of neurones, which 
might account for the long refractory period before another deep response can 
occur in the same area or enter it from a distant point, limiting the frequency 
of response to a maximum of 3-5/sec. 


SUMMARY 

1. The intracortical excitation set up by photically evoked and spontaneously 
occurring strychnine spikes has been studied in the intact and partially 
isolated cerebral cortex of cats under Nembutal anaesthesia. 


i 
Lx 
ig 
4 
e 
ie 
hist 
8 
| 
| 
5 
| 
tes 
4 
| 
Lay 
: 
? 


324 W. A. COBB AND OTHERS 


2. If strychnine be applied to two or more points on the cortex a spike at 


one point is frequently followed after a relatively long delay (20-33 msec) by 
a spike at the second and subsequent points, provided the distance between 
the points is not greater than about 0-75 cm and provided the grey matter 
between them is intact. 

3. The velocity of spread of this excitatory process varies from about 
10 to 25 cm/sec depending on the volume of cortex strychninized, the distance 
between the points and the frequency at which spikes are evoked. ; 

4. Provided that conduction in cortico-cortical fibres is not involved, the 
spread of excitation is the same in intact as in partially isolated cortex. 

5. The relation of the excitatory process set up in this way to the ‘deep 
response’ set up by direct stimulation of the cortex is discussed. 

Expenses grants from the Institute of Neurology are gratefully acknowledged by M. K. Wright 
and W. A. Cobb. 
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THE EFFECT OF REPEATED MUSCULAR EXERTION 
ON MUSCLE STRENGTH 


By H. D. DARCUS anp NANCY SALTER 


From the Unit for Research on Climate and Working Efficiency of the Medical 
Research Council, Department of Anatomy, University of Oxford 


(Recewved 19 January 1955) 


In a series of experiments designed to determine the effect of different joint 
positions on the maximum isometric forces that can be exerted in pronation 
and supination of the hand, it was noted that, although twelve exertions were 
made at $-min intervals twice a day for 15 days, there was no consistent 
increase in the force that could be developed (Darcus, 1951; Salter & Darcus, 
1952). However, when these experiments were repeated with maximum 
isotonic contractions against a heavy load instead of isometric contractions, 
there was a progressive increase in the distance that the load could be raised, 
indicating an improvement in the performance of the muscles. Because of this 
apparent difference between the effects of repeated isometric and isotonic 
contractions, it was decided to test specifically the response of muscles to these 
two forms of activity. 

Isometric activity has been considered more fatiguing than isotonic, the 
deterioration so produced masking any improvement in muscle strength that 
may have occurred. To eliminate this variable as far as possible, preliminary 
work was undertaken to determine the maximum rate at which maximum 
isometric contractions could be repeated without causing deterioration in 
applied muscle strength. It was also necessary to find the number of con- 
tractions that it was possible to make each day at this rate without producing 
adverse after-effects, such as muscle stiffness or pain, which would be likely to 
inhibit @ maximum effort subsequently. From the results of this preliminary 
study, a daily training session of thirty maximum exertions at 1-min intervals 
was adopted, although longer sessions and shorter intervals could be tolerated 
by some subjects. The procedure was the same for maximum isotonic con- 
tractions, The training session was repeated on 5 or 6 consecutive days in each 
week. The pronator and the supinator groups of muscles were used. 

Initially training was limited to 1 week, but as at the end of this time ‘static’ 
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training gave no consistent results, whereas ‘dynamic’ training produced 
immediate and progressive improvement, it was decided to continue both 
methods for a longer period. 

METHODS 


. The strain-gauge dynamometer (Darcus, 1951, 1953) was used for static training. The subject was 
required to make repeated maximum efforts to rotate the spindle of the dynamometer, the rota- 
tion being resisted by a spring steel bar traversing the spindle and fixed at either end. The 
dimensions of the bar were such that the maximum amount of movement allowed was about 1°, 
so that the muscular contraction was virtually isometric. For dynamic training the subject was 
required repeatedly to rotate the spindle (8) of the dynamometer as far as possible against a 
resistance provided by a known weight suspended from a pulley (P) attached to the spindle 
(Fig. 1). In this ins tance, the spring steel bar was free to rotate in the required direction, but 


Fig. 1. Fig. 2. 
Fig. 1. Back view of the dynamometer, sage the measurement of isotonic work, showing 
the spindle (S) and pulley (P). 


Fig. 2. Front view of the strain-gauge dynamometer, adapted for the measurement of the strength 
of isometric elbow flexion, showing the spindle (8) and wrist clamp (W). 


movement in the reverse direction, due to the pull of the applied load, was prevented by allowing 
the bar to rest at either end on metal pegs. The load chosen was one which would allow a maximum 
initial rotation of the spindle of between 20 and 30°, so that even if the maximum effort did fall 
off a certain amount of movement could always be achieved. In this method of dynamic training 
there was a large but constant static component provided by the load before the applied muscle 
force reached a level sufficient to cause rotation of the spindle. The isometric force in static 
training was measured in kilogram-metres (kg.m) and the isotonic work in dynamic training in 
metre-kilograms (m.kg) (calculated from the load and the distance through which this was moved) . 

The muscle force in pronation and supination was applied through a handle fixed to the end of 
the spindle of the apparatus (Darcus, 1951). For flexion of the elbow, the handle was replaced by 
@ bar attached at right angles to the spindle (S) (Fig. 2) (Darcus, 1953). The forearm rests on this 
bar, so that the axis of the elbow joint corresponds with that of the spindle, and is fixed to the 
bar by a clamp (W) over the proximal end of the radius and ulna. 
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The joint position chosen for static training and for the initial position for dynamic training was 
as near to that in which the greatest applied force could be developed as adjustment of the 
apparatus would allow. For pronation this was 60° towards full supination (+ 60°) and for supina- 
tion 60° towards full pronation ( - 60°), the zero position being with the plane of the hand vertical 
and the palm facing medially (Darcus, 1951). The shoulder was adducted and the elbow flexed to 
a right angle. For flexion, the elbow was at a right angle with the shoulder adducted. 

All experiments were conducted with the subject seated. The chair was adjusted so that the 
subject sat in a comfortable erect position with the thighs horizontal and the legs vertical, and the 
apparatus was adjusted so that the upper limb was in the required position. The heights of the 
chair and apparatus were recorded to assist in reproducing the relative position of the subject and 
the apparatus on successive occasions. During the training, one observer recorded the readings 
and a second observer watched the subject for gross changes of posture and for trick movements. 
The first observer gave the subject a ‘stand by’ warning 5 seo before instructing him to exert his 
maximum effort. It was found that approximately 4 sec was sufficient time for attaining the 
highest readings in a static exertion, and the same time was allowed for the build up of a maximum 
isotonic contraction, 

As it is difficult to standardize and maintain a constant level of motivation, it was decided to 
reduce it to a minimum. Thus, although the subjects were told of the purpose of the experiment, 
they were not shown their results. However, in dynamic training, some assessment of progress 
may have been obtained from seeing the degree of rotation achieved; in static training no indica- 
tion was available, 

The effects of training were determined by making tests before and after each experiment, each 
consisting of ten maximum contractions at 1 min intervals, of isometric force and of isotonic work. 
_ It was shown in a control series that such tests at weekly intervals were not sufficient to produce 
a training effect. The significance of any difference between the tests was determined by the ‘t’ 
test. In addition, correlation coefficients and equations for the regression lines were calculated 
for each training period. The percentage changes in strength resulting from training were obtained 
from the tests and where applicable from the regression lines. 


Experimental procedures 
_ Static and dynamic pronation training was carried out by two groups of six subjects for 5 or 
6 days. All were trained on the right side, and one from each group on both sides. Six subjects, 
two from the ‘static’ group and four from the ‘dynamic’ group, continued training for 5 days a 
week until twenty to twenty-eight sessions had been completed. In addition to the tests de- 
scribed above, further tests were made on two subjects in each group who trained for the longer 
period. Before and after the experiment, three measurements were made at 1 min intervals of the 
maximum isometric pronation and supination force exerted in six different hand positions 
(-60°, -30°, 0, +30°, +60° and +90°) on the trained side. In the two subjects who were trained 
on one side only, isometric and isotonic strength tests were made of pronation and supination on 
the opposite side. In one subject, who completed thirty-three ‘dynamic’ training sessions, tests 
were made subsequently at fortnightly intervals for 1 year. 

Supination of the hand was trained statically on the right side in two subjects and flexion of 
the elbow in two subjects. Three subjects carried out twenty-five training sessions during 5 weeks. 
After the sixth session, the other subject, who was training in supination, experienced pain in the 
region of the biceps tendon when making a maximum contraction, Nine more training sessions 
were made, but as the pain persisted and the readings were falling off, it was decided to give him 
a rest of 1 week. After this, the pain had disappeared and training was continued for a further 
five sessions, 

Tests were made before and after training of the strength of isometric supination and flexion on 
both right and left sides in all four subjects. 
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RESULTS 


The effect of static training on the maximum isometric force (Tables 1 and 2; 
Fig. 3). The shorter periods of training usually resulted in an increase in the 
maximum isometric force that could be exerted, but there was no consistent 
trend in the mean values over the 5 or 6 days. However, the longer periods 
always caused a significant improvement. The curves compiled for each 
subject indicated a progressive increase in the training effect, with the highest 
rate occurring in the second week. In no case was a plateau level reached. 


TaBLe 1, Results of short periods of static training 


Dynamic test 
“ From regression line From test contractions contractions 
Movement training Significance % Significance % Significance 
trained Side sessions of r increase of ¢ increase of t increase # 
Pronation R 5 0-02-0-01 +96 
Pronation L 5 0-001 +158 0-05-0-02 
Pronation R 6 0-01-0001 -125 0-01-0001 +154 0-02-0-01 240 
Pronation R 6 0-001 + 55-9 0-001 
Pronation R 5 0-01-0:001 +17-1 * 0-001 +634 
Pronation R 6 0-001 + 65:8 0-001 +39-6 
Supination R 5 0-001 + 20-5 0-001 + 73-2 
Supination R 5 0-001 +17-4 0-001 
Flexion R 5 0-001 +18-8 
Flexion R 5 0-01-0-001 +6-6 0-001 +224 
* not significant. 
TaBLE 2. Results of longer periods of static training 
ic test 
From regression line From test contractions contractions 
Movement training Significance % Significance % Significance 
trained Side sessions ofr increase of ¢ increase of t increase 
Pronation R 28 0-001 + 33-4 0-001 0-001 184 
Pronation L 28 0-001 +21-9 0-001 +21:7 0-01-0-001 +109 
Pronation R 28 0-001 +81-9 0-001 +35-0 0-001 +412 
Supination R 25 0-02-0-01 + 72 0-001 + 18-4 
Supination R 20 _ 0-001 +30-4 
Flexion R 25 0-001 0-001 + 36-1 
Flexion R 25 0-001 + 33-3 0-001 


The effect of dynamic training on the maximum isotonic work (Tables 3 and 4; 
Fig. 3). This method of training produced an immediate and progressive 
improvement in the maximum isotonic work that could be achieved, with the 
most rapid improvement during the first week. In the one subject who com- 
pleted thirty-three training sessions, a plateau level was reached after the 
twenty-sixth. Following the total amount of training, the tests made at 
fortnightly intervals showed a decrease in muscle strength. The decrease was 
greatest in the first 6 weeks, but even after 1 year the readings were still more 
than double those taken before training. 

The effect of static training on the maximum isotonic work and vice versa 
(Tables 1-4). The shorter periods of static training had a variable effect on the 
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RESULTS | 

The effect of static training on the maximum isometric force (Tables 1 and 2; 
Fig. 3). The shorter periods of training usually resulted in an increase in the 
maximum isometric force that could be exerted, but there was no consistent 
trend in the mean values over the 5 or 6 days. However, the longer periods 
always caused a significant improvement. The curves compiled for each 
subject indicated a progressive increase in the training effect, with the highest 
rate occurring in the second week. In no case was a plateau level reached. 


TaBLeE 1. Results of short periods of static training 


Dynamic test 
= From regression line From test contractions contractions 
o. of A A — A 
Movement training Significance % Significance % Significance 
e trained Side sessions ofr increase of t increase of t increase 
Pronation R 5 ° 0-02-0-01 +9-6 
Pronation L 5 0-001 0-05-0-02 -4-9 
Pronation R 5 — * 
Pronation R 6 0-01-0001 -125 0-01-0001 +154 0:02-0:01 -240 
Pronation R 6 0-001 + 55-9 0-001 +14-0 ° 
Pronation R 5 0-01-0001 +17-1 0-001 + 63-6 
Pronation R 6 0-001 + 65-8 0-001 +39-6 
Supination R 5 0-001 + 20-5 0-001 + 73-2 
Supination R 0-001 +17-4 0-001 
Flexion R 5 — - 0-001 +18-8 
ion R 5 0-01-0-001 +66 0-001 + 22-4 
* not significant. 
TaBLE 2, Results of longer periods of static training 
: ic test 
ne From regression line From test contractions contractions 
Movement ini Significance % Significance % Significance 
e __ train Side sessions of r increase of t increase of t increase 
Pronation R 28 0-001 +33-4 0-001 +45-6 0-001 ~ 186 
Pronation © L 28 0-001 +21-9 0-001 +21:7 0-01-0-001 +109 
Pronation R 28 0-001 +81-9 0-001 +35-0 0-001 +41-2 
Supination R 25 0-02-0-01 + 7-2 0-001 +18-4 — 
Supination R 20 0-001 +30-4 
Flexion R 25 0-001 +31-4 0-001 + 36-1 
Flexion R 25 0-001 +333 0-001 +42:-2 — 


The effect of dynamic training on the maximum isotonic work (Tables 3 and 4; 
Fig. 3). This method of training produced an immediate and progressive 
improvement in the maximum isotonic work that could be achieved, with the 
most rapid improvement during the first week. In the one subject who com- 
pleted thirty-three training sessions, a plateau level was reached after the 
twenty-sixth. Following the total amount of training, the tests made at 
fortnightly intervals showed a decrease in muscle strength. The decrease was 
greatest in the first 6 weeks, but even after 1 year the readings were still more 
than double those taken before training. 

The effect of static training on the maximum isotonic work and vice versa 
(Tables 1-4). The shorter periods of static training had a variable effect on the 
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muscle strength measured isotonically. In the three subjects tested, one 
showed an increase, one no change and the other a decrease. In the latter case, 
there was also a decrease in the maximum isometric force. Two subjects were 
tested after the longer period of static training. In one there was an increase 
in the maximum isotonic work and in the other, trained on both sides, there 
was an increase on the left side and a decrease on the right side. It is con- 
sidered that the latter result may be spurious, as the percentage improvement 
measured isometrically was of the same order on both sides. 

Both the short and longer periods of dynamic training produced an improve- 
ment in the maximum isometric force. In every case the percentage increase 
was less than for the maximum isotonic work. 


TaBLE 3. Results of short periods of dynamic training 


From regression ws From test anes Static test contraction 


No.of 
Movement training Significance % Significance % Sinica % 
Name trained Side sessions of r increase of t increase of t iaeal 
B Pronation R 5 0-001 +36-4 0-001 +41:3 
Pronation L 0-001 +513 0:05-0:02 +21°5 
Pronation R 5 0-001 + 144-7 0-001 +149-2 
Pronation R 5 0-001 +97°5 0-001 + 108-1 
Pronation R 6 0-001 +442 0-001 +443 0-05-0-02 
Pronation R 6 0-001 + 136-0 0-001 + 150-0 0-001 +403 
Pronation R 0-001 + 150-9 0-001 + 168-2 0-001 +343 
TaBLe 4, Results of longer periods of dynamic training 
Pee From regression line From test contractions Statictest contrition 
Movement training Significance % Significance % Significance 
_ trained Side sessions of r increase of t increase of t 
Pronation R 28 0-001 + 99:4 0-001 + 135-4 0-001 +598 
Pronation L 28 0-001 +81-7 0-001 + 158-7 0-001 
Pronation R 20 0-001 +78°7 0-001 + 109-3 0-001 +269 
Pronation R 24 0-001 + 25-9 0-001 +61-6 
Pronation R 25 0-001 +80°5' 0-001 + 200-4 


The effect of the longer period of static and dynamic pronation training on the 
maximum isometric pronation and supination force exerted in different positions 
of the hand (Fig. 4). Although static training was carried out in only one posi- 
tion of the hand while dynamic training involved movement:from this position 
through a variable proportion of the total range, an increase was found in all 
positions under both conditions. Similar results were obtained for the 
maximum isometric supination forces. 

The effect of the longer period of training in pronation on the strength of the 
antagomst muscles (Fig. 5). In all the subjects the strength of isometric and 
isotonic supination was increased. The greatest differences were found in the 
isotonic measurements, but there was no significant difference between tlic 
effect of static and dynamic training. 
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Fig. 4. Graphs showing the increase in strength of pronation (P-P) and supination (S—S) measured 
isometrically in six hand positions after static and dynamic training in pronation. 
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before and after twenty-eight training sessions in pronation. | 


Isotonic supination exertions in m.kg 


lsometric supination torques in kg.m 


one | 
were 
ease 
here / 4 
con- P / 
pase AY P a 
Pp / \ 
0-8 \ \ 
ontractio; j \ j 
4 
ine \ / S 
0-4 / 
: 
+343 
ontractio 
ine 
+508 
+ 
+ 26-9 | 
ons = 
lon 
nnd _— i 
the 
a 
a 


332 H. D. DARCUS AND NANCY SALTER 


The effect of the longer period of static flexion training on the maximum 1so- 
metric supination force and vice versa (Fig. 6). Whether the subjects were 
trained in supination or flexion, an increase was found both in supination and 
in flexion. 

C.W. 


Right Left Right Left Right ony Left Right ais Left 

E N 
\\ 
\S SS § 
5 05 NS AN 

NS 42 
\\ \ 


Fig. 6. Histograms showing the strength of supination and flexion measured 
isometrically before and after twenty-five training sessions. 
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_ Fig. 7. Histograms showing the strength of pronation and supination measured isotonically and 


isometrically on the right and left sides before and after training in pronation on the right 
side. 


The effect of the longer period of training on the strength of corresponding 
muscle groups of the opposite side (Figs. 6,7). Following either static or dynamic 
training of pronation on one side, there was an increase in the isotonic and 
isometric strength of pronation and supination on the other side. There 
was no significant difference between the effects of either method of training. 
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In static flexion or supination training, there was also an improvement in the 
maximum isometric force exerted in supination and flexion on the opposite 
side. 
DISCUSSION 

Although it is well established that the strength of muscles can be increased 
by systematic voluntary exercise, there is no agreement regarding the most 
effective way in which this can be achieved. No doubt because of this, there is 
still no generally accepted method of muscle training, although many have 
been described. The majority of these methods are based on the ergographic 
technique originally devised by Mosso (1890). In this, the subject is required 
to lift a weight at a rapid repetition rate either until he can no longer maintain 
the prescribed rhythm or range of movement or until he fails to move the 
weight. The most carefully presented clinical training procedure of this nature 
is that described by Delorme (1945). 

The method that we have adopted appears to be original in that the subject 
makes maximum exertions at intervals that are designed to allow full recovery, 
so that no ‘fatigue curve’ is produced. It should also be pointed out that our 
static training involves isometric contractions only held momentarily, whereas 
the ‘static’ training procedure used by other workers has involved holding 
submaximal weights for a period of time (Asmussen, 1949). 

Comparison of our results with those of others is limited by the fact that 
other investigators have used different techniques and different criteria of 
improvement, Furthermore, in contrast with certain experiments of this kind, 
our subjects were offered no incentive in the form of knowledge of results or 
prizes, so that their level of motivation was low. The results of many previous 
training experiments have been reviewed by Steinhaus (1933). 


, Comparison of dynamic and static training 
Among the problems not yet solved is the question whether repeated 
dynamic or static activity produces a different effect on muscle strength. The 
results of our experiments, unfortunately, do not throw any further light on 
this, as we consider the differences found to be too small to allow any final 
conclusion to be drawn. Both forms of training lead to an increase in muscle 
strength, whether the criterion is the maximum isometric force that can be 
exerted or the maximum distance through which a heavy load can be lifted. 
In general, dynamic training causes a greater percentage improvement than 
static training. One possible explanation for this difference is that, although 
the subjects were not told of their results during the course of the experiment, 
those performing dynamic work may have derived some encouragement by 
assessing for themselves the increase in range of movement on successive 
occasions, whereas those doing static training had no index of their achieve- 


ment. Because of the boredom that may result from this, Ionesco (1949) has 
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suggested that static training should not be used therapeutically. However, 
had our subjects been allowed to watch the movement of the galvanometer 
light spot produced by their efforts, it might have provided an incentive 
comparable to that pertaining in dynamic training. Another possible reason 
for the slightly greater improvement produced by dynamic training is that in 
our experiments more work was imposed on the muscles in this routine than 
in static training. The subject had to raise the load and then also to control its 
return to the resting position, whereas in static activity, once the maximum 
contraction had been developed, the muscles could immediately relax. 

A difference was found in the pattern of the training curves in the two types 
of muscular exercise. Dynamic activity usually resulted in an immediate and 
rapid improvement, whereas static activity produced no consistent upward 
trend until the second week. This has been noted also by Asmussen (1949), 
and it is possible that this finding has been at least partly responsible for the 
apparent disfavour of isometric exercise for muscle re-education. It is not 
clear why there should be this delay before improvement occurs in static 
training, but the impression gained was that it was partly due to the difficulty 
in acquiring the knack of exerting a maximum isometric contraction. 

The only study comparing static and dynamic activity that has been found is 
that by Asmussen (1949). He studied the effects on muscle strength of lifting 
and of holding heavy weights, and he found that each produced approximately 
the same degree of improvement. In spite of this, however, he does suggest 
that dynamic training may not be as efficient as static because it does not 


usually allow sufficient time for the muscles to reach their maximum tension. 


Retention of training effect 

It has been reported by Abramson (1929) and McMorris & Elkins (1954) 
that the improvement in muscle strength resulting from training is retained 
for a considerable period after training has ceased. This is confirmed in one of 
our subjects-on whom it was possible to take measurements after the training 
period. In this case, even after 12 months the muscle strength was double the 
original value, although it was less than that achieved at the end of training. 
It would appear that training has some permanent or semi-permanent effect 
on the neuromuscular system. Whether or not the retention is related to the 
length of training or the level of muscle strength reached is not known. | 


The effect of training on ‘unexercised’ muscle growps 
As well as an improvement in the strength of muscles directly exercised, an 
increase was also found in the strength of the antagonist group following both 
static and dynamic training. However, Hellebrandt, Parrish & Houtz (1947), 
studying only dynamic training, found no statistically’ significant improve- 


' ment in antagonist muscles. The explanation for our finding is obscure; the 
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antagonists may have been exercised to a certain extent, but electromyo-. 
graphic investigations have shown that, in general, there is no activity in the 
antagonists when the contraction is against an opposed external resistance, 
whether it is isotonic (Hoefer, 1941) or isometric (Seyffarth, 1941). 

The finding of an increase in the strength of muscle groups in the limb 
opposite to the one specifically exercised was first noted at the end of the last 


_ century by Scripture, Smith & Brown (1894). They observed that training of 


hand grip on one side was associated with an increase in grip strength on the 
other side. Davis (1898) found that training increased the endurance of 
muscular contraction both of the muscle group exercised and of other groups, 
particularly those in close anatomical relationship and corresponding groups 
of the opposite side. Wissler & Richardson (1900) reported similar findings for 
the strength of muscular contraction. No further reference to this aspect of 
muscle training has been found before the work of Hellebrandt et al. (1947). 
On the basis of their experiments, they suggested that cross-education depends 
on the involuntary spread of activity to the opposite side of the body during 
severe unilateral exercise. In their ergographic technique, the load applied 
was so heavy that it could not be lifted without great effort, and it produced 
a precipitous “fatigue curve’. The results of our experiments, in which fatigue 
was minimal, suggest that it is unnecessary to exercise muscles to this degree 
in order to get the ‘transference’ effect. 


Variability in muscle strength 

Although the training routine was designed to eliminate chance variations 
as far as possible, there were considerable fluctuations in maximum strength 
measured in any one subject on different occasions. Similar findings have been 
reported in previous studies involying the measurement of maximum muscular 
activity, and various explanations have been put forward to account for them 
(Lombard, 1892; Fischer, 1947; Weinland, 1947). The impression gained 
during our experiments was that at least part of the variation was due to the 
difficulty the subject had in knowing when he had reached his maximum per- 
formance, since he could not see the effect of his efforts. This seems to be borne 
out by the fact that the variations tended to decrease as training progressed. 

There is no doubt that there were fluctuations in the willingness of the 
subjects to exert themselves fully. These may have been due to the tedious 
nature of the experiment and to the fact that the subjects had no particular 
interest in improving their muscle strength. Furthermore, owing to lack of 
interest, the subjects may have been prone to distractions which would lead 
to variability in recordings. 

A further factor in the variability appeared to be that, since the subject 
knew he had to make thirty exertions, he ‘saved’ his strength in the early part 


and built up a final spurt. 
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SUMMARY 

1. Studies are described on the effects of repeated maximum isotonic and 
isometric contractions on the strength of pronation and supination of the hand 
and flexion of the elbow. Each daily training session consisted of thirty con- 
tractions at intervals of 1 min. This was carried out by one group of subjects 
for 5 or 6 days. Another group continued until twenty to twenty-eight 
training sessions had been completed. 

2. Both types of training resulted in an increase in the strength measured 
both isotonically or isometrically, although the effects of ‘static’ training were 
not immediately apparent. 

3. ‘Static’ training, although carried out in only one position of the joint, 
resulted in an increase in al! other positions tested. 

4, An improvement in muscle strength was also found in the antagonists of 
the same side and the corresponding groups of the opposite side. 

5. ‘Static’ training in flexion caused an increase in the strength of supina- 
tion and vice versa. 
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THE POTENTIATION OF GANGLIONIC TRANSMISSION BY 
HISTAMINE AND PILOCARPINE 


| By U. TRENDELENBURG 
From the Department of Pharmacology, University of Oxford 
(Received 22 January 1955) 


Evidence has been obtained recently for the view that both histamine and 
pilocarpine are able to stimulate the superior cervical ganglion of the cat, if 
this ganglion is left with its normal circulation intact (Trendelenburg, 1954). 
Earlier work by Konzett (1952), who observed a potentiation by histamine of 
the action of nicotine-like substances on the perfused superior cervical 
ganglion, and by Marrazzi (1939), who obtained evidence for a potentiation 


of preganglionic impulses by pilocarpine, led to the investigation presented in 


the first part of this paper on the effect of histamine and pilocarpine on trans- 


mission through the superior cervical ganglion of the cat. 
It has long been known that a secondary blood pressure rise may follow the 


initial fall after an intravenous injection of either histamine or pilocarpine into 
a spinal cat. The general assumption that this secondary rise is entirely due to 
release of sympathin from the adrenal medulla caused by these substances has 
recently been disproved by Slater & Dresel (1952) and by Root (1951). These 


_ authors observed that some secondary rise persisted after removal of the 


adrenal glands. They were, however, unable to present an explanation for this 
peculiar action of histamine and pilocarpine. In the light of the finding that 
these substances exert ganglionic actions, it seemed possible that they 
liberated sympathin not only from the adrenals but also from the post- 
ganglionic nerve endings. This hypothesis has been investigated ‘and ‘the 
results are presented in the second part of this paper. 


METHODS 
Cats of 2-4kg of both sexes were used. After anaesthesia was induced with ether, 80 mg/kg 
chloralose was injected intravenously. Intra-arterial injections were made into the central end 
of the lingual artery, while the external and internal carotid arteries were occluded. The injected 
substance was thus diverted towards the superior cervical ganglion. The cervical sympathetic 
chain was cut and the peripheral end was placed on shielded electrodes and covered with warm 
liquid paraffin, Electrical stimuli of 0-7 msec duration were applied at a frequency of 15/sec. 
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Experiments on the blood pressure were performed either in cats under chloralose or in spinal 
preparations, set up as described by Burn & Trendelenburg (1954). When it was desired to work 
with adrenalectomized spinal cats, the right adrenal was removed under ether before making the 
spinal preparation and the left was removed afterwards. The blood pressure was recorded from 
the carotid artery; injections were made into the femoral vein. 

The following substances were used: histamine dihydrochloride and pilocarpine nitrate (both 
dissolved in 0-9% NaCl solution (saline) and neutralized when to be injected intra-arterially), 
the doses being expressed in terms of the base; hexamethonium bromide, nicotine hydrogen 
tartrate, cocaine hydrochloride, atropine sulphate, mepyramine maleate, all expressed as salts; 
adrenaline hydrochloride and noradrenaline bitartrate, expressed as the free base of the L-form. 


RESULTS 
I. The action of histamine and pilocarpine on the superior 
cervical ganglion 
Potentiation of the effect of preganglionic stimulation. When the preganglionic 
fibres to the superior cervical ganglion were stimulated submaximally for 
periods of 5 sec 2/min a series of contractions of the nictitating membrane was 
recorded as shown in Fig. la. The intra-arterial injection of 1 wg histamine 
increased the response of the nictitating membrane to the preganglionic 
stimulation. This small dose of 1 ug histamine did not itself stimulate the 


Fig. 1. Cat, chloralose, adrenals removed. Normal nictitating membrane. Arrow =intra-arteria 
injection of 1 wg histamine into lingual artery (a) during intermittent submaximal pre- 
ganglionic stimulation (2/min for 5 sec each); (6) without stimulation; and (c) during con- 
tinuous submaximal preganglionic stimulation. Observe the potentiation of preganglionic 
impulses by histamine. 


ganglion and caused no contraction of the nictitating membrane in the 
absence of preganglionic stimulation (Fig. 1b). However, during a sustained 
contraction of the nictitating membrane due to continuous submaximal pre- 
ganglionic stimulation 1g histamine caused a further increase in tone 
(Fig. 1c). As this potentiation of the response to preganglionic stimulation 
could have been caused by a lowering of the nerve threshold by histamine, the 
cervical sympathetic chain was split longitudinally and a portion of the pre- 
ganglionic fibres was stimulated supramaximally. This arrangement excluded 
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any effect of histamine on the nerve, while providing a submaximal stimulus 
to the ganglion. A similar potentiation was obtained under these conditions. 
No potentiation was observed after intra-arterial injections of metas when 
the external carotid artery was not occluded. 

Similar results were obtained by intra-arterial injections of similar amounts 
of pilocarpine, the only difference being the longer duration of action observed 
after pilocarpine. This is in agreement with earlier observations that the 
stimulation of the ganglion by pilocarpine was of longer duration than that by 
histamine. 

The response to increasing doses of histamine is shown in Fig. 2. In Fig 2a 


tions of 0-1, 1, 10 and 100 ug histamine then elicited potentiations of the 
responses of the nictitating membrane to preganglionic stimulation increasing 
the initial heights of contraction by 47, 78, 120 and 156% respectively. The 
duration of the potentiations increased from 2 min after 0-1 ug to 8} min after 


Fig. 2. Cat, chloralose, adrenals removed. Normal nietitating membrane. Submaximal stimu- 
lation of preganglionic fibres 2/min for 5 sec each. Injections of 0-2 ml. saline (S) in (@), 
and of 0-1 yg histamine in (6), 1 pg in (c), 10 wg in (2) and 100 yg histamine in (e). 


100 zg histamine. After the injection of 10 and 100 ug histamine there ap- 
peared not only: this potentiation of the response to preganglionic impulses 
but also stimulation of the superior cervical ganglion as shown by the con- 
traction of the nictitating membrane. These findings confirm the earlier 
observation that the minimal dose of histamine which stimulated the ganglion 
was between 2 and 20 yg. The minimal dose for potentiation of preganglionic 
impulses was much lower, as Fig. 2 shows. It was found to lie between 0-01 
and 0-1 ug histamine, being thus about 45th of the minimal ganglion-stimu- 
lating dose. 

Similar relations between dose, potentiation of response to preganglionic 
impulses and duration of response were observed after intra-arterial injections 
of pilocarpine. 

Substances inhibiting the potentiation. Mepyramine, injected intravenously i in 
a dose of 0-3-0-6 mg, abolished the effect of histamine without interfering with 
the response to pilocarpine or that to preganglionic stimulation. Atropine 
(200 yg injected intravenously) abolished the response to pilocarpine, without 
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affecting transmission or the action of histamine. Ganglion-blocking sub- 
stances of both the depolarizing (nicotine) and competitive type (hexa- 
methonium) abolished the response to preganglionic stimulation and thus 
prevented any potentiation of preganglionic impulses by histamine or 
pilocarpine. 

- Cocaine was recently found to inhibit the stimulation of the superior 
cervical ganglion by both histamine and pilocarpine, and it also abolished the 
effect of these substances on transmission through the ganglion. Fig. 3 shows 
that 104g histamine, when injected intra-arterially, both stimulated the 
ganglion (Fig. 3a) and potentiated the response to submaximal preganglionic 
stimulation (Fig. 3b). After the intravenous injection of 2 mg cocaine, how- 
ever, the same dose of histamine failed to stimulate the ganglion (Fig. 3c), and 
also failed to potentiate the response to preganglionic impulses (Fig. 3d). This 
dose of cocaine did not interfere with transmission of nerve impulses through 


5 
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Fig. 3. Effect of cocaine on ganglionic actions of histamine, Cat, chloralose, adrenals removed. 
Normal! nictitating membrane. Arrow =intra-arterial injection of 10 ug histamine without 
stimulation (a and c) and during submaximal stimulation of preganglionic fibres (5 and d). 
Intravenous injection of 2 mg cocaine between (b) and (c). The strength of stimulation in (d) 
was less than in (6), because cocaine sensitized the membrane. : 


the ganglion, As this dose of cocaine sensitized the nictitating membrane, 
the strength of stimulation was reduced before recording Fig, 3d. Cocaine 
likewise abolished the ganglionic actions of pilocarpine. 


The results of this series of experiments are summarized in the last columns 
of Tables 2 and 3. 


II, The secondary blood pressure rise after intravenous injections 
of histamine and pilocarpine 
Burn & Dale (1926), Root (1951) and Slater & Dresel (1952) observed that 
the secondary rise after histamine and pilocarpine was abolished by anti- 
adrenaline substances, and suggested that the secondary blood pressure rise 
was mediated by the liberation of sympathin. Experiments by Burn & Dale 
(1926) showed that the sympathin liberated by histamine came from the 
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adrenal medulla, whereas Root (1951) showed that the adrenal glands did not 
play an important part in the blood pressure response after injection of pilo- 
carpine. Evidence is now presented that the pilocarpine effect is mainly, and 
the histamine effect partly, due to general stimulation of sympathetic ganglia 


and to potentiation by these substances of the tonic impulses passing through — 


sympathetic ganglia. 

Histamine. After the intravenous dnjevtion of 20 ug histamine into a spinal 
cat the fall of blood pressure was usually followed by a secondary rise. In cats 
under chloralose, however, a similar injection of histamine elicited a secondary 
rise only occasionally. Slater & Dresel (1952) observed that in cats under 
chloralose a secondary histamine rise was regularly obtained after a previous 


Fig. 4, Cat, chloralose, arterial blood pressure. ‘of £10 peg adrenaline, 
N =that of A ug noradrenaline, H = that of 20 ug histamine, Responses'of the blood pressure 
before (a) and after hexamethonium 2 mg a 6 mg (c), 18 mg (d), 54 mg (e) and 120 mg (f) 

of 2 mg hes As it is wall known that 

potentiates the pressor response to both adrenaline and noradrenaline, this 

increased sensitivity to the action of sympathin may account for the ap- 
pearance of a secondary histamine rise after a previous injection of hexa- 
methonium. The experiment recorded in Fig. 4 shows that the response of the 
blood pressure to equiactive amounts of adrenaline and noradrenaline was 
progressively increased by the injection of increasing amounts of hexa- 
methonium. It shows, furthermore, that the very small secondary histamine 
rise observed before hexamethonium (Fig. 4a) was also increased and that its 
progressive increase was parallel to that of the response to both adrenaline 
and noradrenaline. The fall of blood pressure brought about by the injection 
of hexamethonium was not responsible for this action, since larger amounts 
failed to lower the blood pressure further (Fig. 4¢, f), but they continued to 
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increase both the secondary histamine rise and the response to the pressor 
amines. Hexamethonium did not interfere with the liberation of pressor sub- 
stances by histamine, which is in agreement with the earlier finding that the 
stimulation of both the adrenal medulla and of the superior cervical ganglion 
by histamine was not prevented by hexamethonium (Trendelenburg, 1954). 
By using hexamethonium it was thus possible to increase the response to 
sympathin in the cat under chloralose to that seen in the spinal cat which is 
much more sensitive to pressor effects. In some of the following experiments 
hexamethonium was therefore used to induce the appearance of a secondary 
histamine rise in cats under chloralose when it did not appear spontaneously, 


or to increase it, when the original secondary rise was too small for the purpose 


of the experiment. 


Fig. 5. Cat, chloralose, Arterial blood pressure. H <intravenous injection of 20 yg histamine. 
A series of nicotine injections (20 mg in all) was given between (a) and (b). (c) 10 min 
after (6). A second series of nicotine injections (56 mg in all) was given between (c) and (d). 


Cocaine also potentiates the response to sympathin, but it differed from 
hexamethonium in blocking the action of histamine on the superior cervical 
ganglion, whereas it did not interfere with the liberation of sympathin from 
the adrenal medulla by histamine (Trendelenburg, 1954). The repeated 
observation that cocaine increased the secondary histamine rise thus gave 
further evidence for the view that histamine liberated sympathin predomi- 
nantly from the adrenal glands. 

Nicotine was found earlier to abolish the skiuaibation! * both the adrenal 
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medulla and of the superior cervical ganglion by histamine (Trendelenburg 
1954) and was consequently expected to abolish the secondary histamine rise. 
Fig. 5 shows this action. After a series of injections of nicotine, the last of 
which failed to cause a pressor response, the injection of 20 ug histamine did 
not elicit a secondary rise (Fig. 5b). Recovery of the secondary rise was 
observed 10 min later (Fig. 5c). Abolition of the secondary histamine rise was, 
however, only obtained after the first series of nicotine injections. Fig. 5d 
shows that further injection of 56 mg nicotine failed to block the secondary 


Fig. 6. Cat, chloralose. Arterial blood pressure. H =intravenous injection of 20 yg histamine 
2 min after previous injection of 5 mg hexamethonium. Removal of adrenals, evisceration 
and ligation of kidney vessels between (a) and (0). 


histamine rise, This failure will be discussed later. It was, furthermore, 
observed that nicotine also failed to block the secondary histamine rise when 
hexamethonium was injected previously in amounts sufficient to block any 
pressor response to the injection of nicotine. 

The experiments described hitherto were all compatible with the assumption 
that histamine acted only on the adrenal medulla. Fig. 6 shows, however, that 
other factors contributed to the appearance of a secondary rise after injection 
of histamine, The large secondary rise elicited by the injection of 20 wg hist- 
amine after a previous injection of 5 mg hexamethonium was only reduced but 
not abolished by adrenalectomy. Evisceration and ligation of the vessels of 
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the kidneys also failed to abolish the persisting secondary rise. The persistence 
of this secondary rise after adrenalectomy demonstrated that histamine also 


liberated some sympathin from organs other than the adrenals. This sympathin 


may be liberated by the actions of histamine on sympathetic ganglia. 

Evidence for this view has been obtained by determining the minimal time 
intervals required between histamine injections in order to obtain secondary 
blood pressure rises of similar magnitude. The minimal time interval before 
adrenalectomy was 5-10 min, whereas after adrenalectomy repeated injections 
of histamine elicited similar blood pressure responses only when given at 
intervals of 20-30 min, With shorter time intervals a second injection of 
histamine failed to elicit a comparable secondary rise. These observations 
were in close agreement with earlier findings that time intervals of 20-30 min 
were required between injections of histamine to obtain constant effects on the 
superior cervival ganglion, while constant responses were obtained with 
5-10 min intervals on the adrenal glands (Trendelenburg, 1954). 

Further support for the view that the action of histamine on sympathetic 
ganglia was responsible for the secondary blood pressure rise seen in the cat 
after adrenale¢tomy was provided by observations of Slater & Dresel (1952), 
which were confirmed in the present experiments. Cocaine always increased 
the secondary blood pressure rise after histamine before adrenalectomy ; ; but 
after removal of the adrenals cocaine abolished the secondary rise. Since 
cocaine abolished the ganglionic actions of histamine this suggested that the 
sympathin responsible for the secondary rise after adrenalectomy was liberated 
by the action of histamine on sympathetic ganglia, Similarly, nicotine which 
has already been shown to block the: ganglionic actions of histamine also 
abolished the secondary histamine rise after adrenalectomy. 

The results of the experiments with histamine have a summarized in 
Tables land2-. 

Pilocarpine. Since Root (1951) found that the stvenal laiste did not play 
an important part in the appearance of a secondary rise after injection of pilo- 
carpine, the secondary blood. pressure rise observed after injection of 100 peg 
pilocarpine may be chiefly due to the action of this substance on sympathetic 
ganglia. Evidence for this view is as follows: 

(1) Hexamethonium which was found to potentiate seiscisioues response to 
syuipiaibie, and which did not interfere with the action of pilocarpitie either 
on the adrenal medulla or on the superior cervical ganglion, renee increased 
the secondary pilocarpine rise before adrenalectomy. 

_ (2) Coeaine, on the other hand, reduced the rise of blood pressure after 
injection of 100 yg pilocarpine, as shown in Fig. 7. This observation, together 
with earlier findings that cocaine blocked the actions of pilocarpine on the 
superior cervical ganglion, suggested strongly that the secondary pilocarpine 
rise was mainly due to these ganglionic actions. The observation that cocaine 
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TaBLE 1, Effects of various substances on the secondary blood pressure rise after 
20 yg histamine and 100 yg pilocarpine 


ion of experiments in 
h histamine rise was 


Proportion of experiments in 
e rise was 


which pi 


Increased Vichaiged Decreased Increased Unchanged Decreased 


A. Intact cat | 
Hexamethonium 10/11 
Nicotine 
Cocaine 2/4 

B. Adrenalectomized cat 
Hexamethonium 2/6 
Nicotine — 
Cocai 


1/4 


TaBLE 2. Action of substances on various effects of histamine 
“(Increase = +; no change=0; decrease=~.) 


Liberation of _ Secondary 


sympathin from rise in 
pnals* intact cat 
Hexamethonium 0 +f 
Nicotine - 
Cocaine 0 +f 


Secon 
rise in 
adrenalecto- 


Inized cat 


+, 0, or 


* Trendelenburg (1954). 
_t Also observed by Slater & Dresel (1952). 


Stimulation Potentiation 


of sup. cerv. of preganglionic 


ganglion* 


impulses 


Fig. 7. Cat, chloralose. Arterial blood pressure. Arrow =intravenous injection of 100 yg pilo- 
carpine 2 min after previous injection of 5 mg hexamethonium. Intravenous injection of 


5 mg cocaine between (a) and (5). 
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did not completely abolish the secondary pilocarpine rise suggests, further- 
more, that liberation of sympathin from the adrenal medulla contributed to 
a small extent to the appearance of a secondary rise of blood pressure. Further 
evidence for this conclusion was provided by the frequent observation that 
after adrenalectomy cocaine completely abolished the pilocarpine rise, as 
shown in Fig. 8d. 

(3) The minimal time interval which was required to obtain identical 
responses to repeated injections of 100 wg pilocarpine was determined before 
and after adrenalectomy. In contrast to the findings with histamine the 
minimal time interval did not change and was always of about the same length 
as the time intervals which had to be kept when investigating the action of 
pilocarpine on the superior cervical ganglion (Trendelenburg, 1954). 


Fig. 8. Spinal cat, adrenals removed. Arterial blood pressure. P intrevenous injection of 
100 wg pilocarpine, repeated at the arrows in }, c and d, at intervals of 40 min. A series 
of nicotine injections (23 mg in all) was yren between (a) and (b). 5 mg cocaine was injected 
intravenously between (c) and (d). 


3. Action of on various effete of pilocarpine 
(Increase = +; no decrease = — 


Liberation of Secondary Stimulation Potentiation 
sympathin from rise in adrenalecto- of sup. cerv. of preganglionic 
adrenals* intact cat mized cat ganglion* — impulses 
Hexamethonium 0 +,00r-f =+,00r 0 
Nicotine - - - 
Cocaine 0 -§ - 


* Trendelenburg (1954). 
+ Also observed by Root (1951). 
t Also observed by Bacq & Simonart (1938). 
§ Also obseryed by Koppanyi (1939). 

(4) Nicotine, when injected in increasing amounts until a dose of 5-10 mg 
failed to elicit any pressor response, not only prevented the action of pilo- 
carpine on the superior cervical ganglion but also abolished the secondary rise 
after 100 ug pilocarpine, as shown in Fig. 8a, b. In Fig. 8ca partial recovery of 
the secondary rise was seen after 40 min, and in Fig. 8d this rise was again 
abolished by cocaine. It was repeatedly observed that after cocaine the blood 
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pressure returned more quickly to its initial level than after nicotine, as 
comparison of Fig. 8, 6 and d, shows. 

The results of the experiments with pilocarpine have been stimmenadiied 3 in 
Tables 1 and 3. They show a close correlation with results obtained previously 


on the superior cervical ganglion, thus giving evidence that the main action of 


pilocarpine is exerted on the sympathetic ganglia. 


III. Is the secondary rise after adrenalectomy due to stimulation of ganglia 

or due to potentiation of preganglionic impulses? 

The question then arose whether the secondary rise of blood pressure due to 
the action on sympathetic ganglia was caused by stimulation of ganglion cells 
or by the potentiation of preganglionic impulses. Since hexamethonium 
abolished the latter action without interfering with the former, its action on 


the secondary blood pressure rise was investigated after removal of the 
adrenals. 


Fig. 9. Spinal cat, adrenals removed. Arterial blood pressure. Intravenous injections of 100 pg 
pilocarpine (P) and 1 pg adrenaline (A). 10mg hexamethonium was injected between 
(a) and (6), 20 mg between (6) and (c). 


The effect of hexamethonium on the secondary rise was variable after 
adrenalectomy (see Table 1). If a comparison was made between the changes 
produced. by hexamethonium in the blood pressure rise caused by adrenaline 
and in the secondary rise after histamine or pilocarpine, no such parallelism 


‘was seen as was demonstrated in Fig. 4. Small doses of hexamethonium 


(5-10 mg) neither increased the rise of blood pressure due to adrenaline nor 
the secondary rise due to histamine or pilocarpine. This was indeed often 
reduced. Higher amounts of hexamethonium, however, increased both the 
response to adrenaline and the secondary rise. Fig. 9 shows that, in contrast to 
Fig. 4, the increase of the secondary pilocarpine rise was not parallel to the 
increase of the response to adrenaline. Whereas the response to adrenaline was 
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increased after the injection of 10 mg hexamethonium, the response to pilo- - 


carpine remained unchanged (Fig. 96). After injection of 20 mg hexametho- 
nium, however, both an increased secondary pilocarpine rise and a further 
_ increase of the response to adrenaline were observed (Fig. 9c). This suggested 
that hexamethonium without abolishing the liberation of sympathin reduced 
the amount liberated by the injection of pilocarpine. It can therefore be con- 
cluded that the stimulation of sympathetic ganglia plays a part as well as the 
potentiation of normally occurring vasomotor — on their way through 


sympathetic ganglia. 
DISCUSSION 


Recently it has been shown that both histamine and tata stimulated 
the superior cervical ganglion of the cat, when this ganglion was left with its 
normal circulation intact. The results obtained with various inhibiting sub- 
stances suggested that the stimulation of the ganglion cells was brought about 
by an action of histamine and pilocarpine on receptors different from those 
affected by acetylcholine (Trendelenburg, 1954). The results presented in this 
paper demonstrate another ganglionic action of these two substances, namely 
that they potentiate the response to preganglionic stimulation. The potentia- 
tion was regularly observed after intra-arterial injections during occlusion of 
the external carotid artery, when the injected substance was diverted towards 
the ganglion; it was absent when the external carotid was not occluded. As it 
was possible that both histamine and pilocarpine caused potentiation of weak 
preganglionic impulses by changing the threshold of the nerve fibres, in some 
of the experiments the sympathetic cervical chain was split longitudinally and 
part of it was then stimulated supramaximally. Potentiation was observed 
under these conditions where a change of the threshold of the nerve could not 
have any effect. It was then concluded that these substances acted on the 
ganglion cells, probably by lowering their threshold. 

Two different ganglionic actions of both histamine and pilocarpine have 
thus been found. After the intra-arterial injection of low doses (0-01-0-1 yg 
and more) potentiation of preganglionic impulses was observed, while the 
injection of 2-20 ug and more also caused a stimulation of the ganglion cells. 
It was found that both ganglionic actions were affected similarly by the 
inhibiting substances which were investigated, with the exception of hexa- 
methonium. This typical ‘competitive’ ganglion-blocking substance did not 
interfere with the stimulation of the ganglion by either histamine or pilo- 
carpine, but, of course, prevented their potentiating action on transmission. 

Whereas it is uncertain whether amounts of histamine which are present 
under normal conditions are able to stimulate sympathetic ganglia, the prob- 
ability that histamine plays a part in the regulation of the sympathetic 
system has now increased, since the amounts normally present may well 
influence the sensitivity of sympathetic ganglia by determining their threshold 
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of excitation. The action of histamine on ganglia may be as important as that — 


of low amounts of adrenaline, which were also found to influence the sensi- 
tivity of ganglia (Biilbring & Burn, 1942; Biilbring, 1944). The actions of 
histamine and pilocarpine, however, differ‘from that of adrenaline in that no 
depression of sensitivity was observed after higher concentrations of histamine 
or pilocarpine. 

The appearance of a haanbate rise of blood pressure after injection of either 
histamine or pilocarpine has until recently been generally assumed to be due 
to the well-known liberation of sympathin from the adrenals by histamine 
(Burn & Dale, 1926) and. by pilocarpine (Dale & Laidlaw, 1912). This does not 
fully account for the secondary rise, since Root (1951) found that the secondary 
pilocarpine rise was unaffected by adrenalectomy, whereas Slater & Dresel 
(1952) observed the persistence of a small secondary histamine rise after 
adrenalectomy. In the present paper the hypothesis has been put forward 
that the effects which cannot be explained by an action of histamine or pilo- 
carpine on the adrenal medulla are due to an action of these substances on 
sympathetic ganglia. 

Evidence for this view has been obtained by the investigation of the effects 
of hexamethonium, nicotine and cocaine on the secondary histamine and pilo- 
carpine rise in cats before and after adrenalectomy. It was found that the 
results all agreed with the above-mentioned hypothesis, since the secondary 
rise observed after injection of histamine or pilocarpine into adrenalectomized 
cats was affected by hexamethonium, nicotine and cocaine in the same way as 


_ the actions of histamine and pilocarpine on the superior cervical ganglion. 


_ It is thus concluded that histamine and pilocarpine elicit a secondary rise 
of blood pressure by the liberation of sympathin. Histamine was found to act 


‘predominantly on the adrenal medulla, and both the stimulation of sym- 


pathetic ganglia and the potentiation of vasomotor impulses on their way 
through sympathetic ganglia were of minor importance. The reverse was found 
to be true for pilocarpine, as this substance acted mainly on the ganglia and 
exhibited only a weak action ‘on the adrenals. This peculiar difference between 
two substances which were found to have very similar actions, is explained by 
the observation that while they were equiactive on the superior cervical 
ganglion, histamine was fifty times more active on the adrenal glands 
(Trendelenburg, 1954). This discrepancy of the ratio of equiactive doses 
explains why pilocarpine, in contrast to histamine, had only a weak action on 
the adrenal glands. 

The investigation of the effect of nicotine on the secondary. rise after 
injection of histamine, threw new light on its mode of action. The fact that 
paralysing amounts of nicotine abolished the stimulation of the superior 
cervical ganglion by both histamine and pilocarpine has been interpreted as 
being due to the oe of the ganglion cells by nicotine. The abolition 
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of the secondary histamine and pilocarpine rise of blood pressure by paralysing 
amounts of nicotine gives further evidence for this view. The failure of a second 
and much higher dose of nicotine to abolish the histamine rise, and the similar 
failure of a second intravenous injection of paralysing amounts of nicotine to 
block the stimulation by histamine of the superior cervical ganglion (un- 
published results), however, require explanation. This seems to be provided by 
the observation of Paton & Perry (1953) that the block of the superior cervical 
ganglion produced by the close-arterial injection of 200 wg nicotine was of 
longer duration than the depolarization of the ganglion cells. A second 
injection of the same amount of nicotine was found to block with hardly any — 
depolarization. The authors concluded that nicotine first blocked transmission 
by depolarizing the ganglion cells and later by ‘competition’. A second 
injection of nicotine thus resembled the action of the ‘competitive’ type of 
ganglion-blocking substances, such as hexamethonium which did not prevent 
the stimulation of the ganglion by histamine. This explains the failure of 
a second paralysing dose of nicotine to block the secondary rise after hist- 
amine or the stimulation of the ganglion by histamine. 


SUMMARY | 


1, Evidence has been obtained for the potentiation of preganglionic 
impulses by histamine and pilocarpine. This effect has been observed after 
intra-arterial injections into the lingual artery of doses which were 0-5% of 
those necessary aor stimulation of the superior cervical ganglion by these 
substances. 

| 2. This polentbating action was abolished by cocaine, nicotine and hexa- 
methonium. The action of histamine was specifically inhibited by mepyramine, 
that of pilocarpine by atropine. 

3. The factors involved in the appearance of a secondary blood pressure 
rise after the intravenous injection of histamine or pilocarpine have been 
investigated by — the effects of cocaine, nicotine and hexamethonium 
on this rise. 

4, The histamine rise is mainly due to liberation of sympathin from the 
adrenal glands and only to a minor degree to general stimulation of sym- 
pathetic ganglia and to potentiation of tonic impulses travelling through 
sympathetic ganglia. 

5. The pilocarpine rise, on the other hand, is mainly due to the ganglionic 
actions of this substance and is thus similar to the histamine rise in the 
adrenalectomized cat. 


I wish to express my thanks to Prof. J. H. Burn, F.R.S., for his advice and guidance throughout 
this work. Part of this work was carried out during the tenure of a British Council scholarship. 
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‘THE PLACENTAL TRANSFER OF SUGARS IN THE SHEEP: 
STUDIES WITH RADIOACTIVE SUGAR 
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From the Department of Physiology, St Mary’s Hospital Medical School 
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In 1951, Huggett, Warren & Warren demonstrated that experimental hyper- 
glycaemia in the pregnant sheep or in the foetus is followed by hyper- | 
fructosaemia confined to the foetus, in which there normally is fructose 
(Bacon & Bell, 1948). Huggett e al. found too that the source of the new 
fructose is the placenta, and that the foetus plays no part in its production. 
Further, glucose passes across the placenta in both directions but fructose 
moves only from the mother to the foetus and at a slower rate than does 
glucose. 

Widdas (1952) reviewed the kinetics of the passage of glucose across the 
placenta in the sheep. He suggested that this can be explained if the mechanism 
is one of active transport and not simple diffusion. The exact nature of the 
process is, however, unknown. 

The question arose as to whether there is any fructose formation by the 
placenta in the absence of hyperglycaemia, that is, whether fructose formation 
can proceed at low or normal blood glucose levels. The experiments described 
in this paper show that hyperglycaemia is not essential for fructose production ; 
they also demonstrate that glucose molecules can pass from the foetus to the 
mother against a concentration gradient. 

Two types of investigation have been used, namely perfusion of the umbilical 
circulation and the injection of radioactive 4C-glucose. This paper is confined 
to a study of the intravenous injection of 4C-glucose into the mother or the 
foetus. 

The methods used were to ‘sabiict the concentrations of both glucose and 
fructose in maternal and foetal bloods and also the distribution of the “Carbon 


- in the glucose and fructose. This latter determination was effected by con- 
_verting the sugars of the deproteinized blood filtrate to carbon dioxide by 


fermentation with yeast before and after destroying the glucose with glucose 
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oxidase (notatin). The radioactive carbon dioxide was collected as barium 
carbonate and counted with a Geiger counter. One would expect the counts on 
carbon dioxide, obtained by fermentation after treatment with glucose oxidase, 


_ to be due to fructose which is fermented by yeast but is not oxidized by 


glucose oxidase. | 

In practice it was found that if a pure radioactive glucose standard were 
twice fermented with yeast, once before and once after treatment with glucose 
oxidase, there was an evolution of radioactive CO, on both occasions, and this 
occurred with more than one strain of yeast. It would appear therefore that 
the yeast in the second fermentation was acting on some substance not present 
until the glucose oxidase had acted on the glucose. This material could be 
a product like gluconic acid formed by the oxidation with notatin but there is 
no evidence on the point. 

The residual counts obtairted when fermenting the glucose standards after 
notatin oxidation need to be allowed for when assaying the blood specimens. 
In practice, aliquots of '“C-glucose standards, as well as blood specimens, were 
fermented with yeast in an atmosphere of nitrogen with and without prior 
oxidation by notatin in an atmosphere of oxygen. 

The experiments fall into three classes: ; 

(i) Intravenous injection of “C-glucose to the mother without the pro- 
duction of maternal hyperglycaemia to determine if C-fructose is, in this 
circumstance, formed in foetal blood. 

(ii) Intravenous injection of C-glucose to the foetus to see if it goes back 
to the mother. | | 

(iii) Intravenous injection of !4C-glucose to the mother with an elevated 
concentration gradient of glucose from mother to foetus to determine the 
resulting glucose uptake by umbilical blood. : 

Two strains of yeast were used, Saccharomyces cerevisiae and Torulopsis 
mannosa. Experiments with the second yeast gave greater constancy of 
results. 


METHODS 
The caesarean section, blood sampling, deproteinization and sugar determinations were essentially 
the same as described by Huggett et al. (1951). A difference was introduced in the determination 
of the total reducing substances (1.8.8.). This was effected by Somogyi’s modified tartrate reagent 
(1952) for which we are indebted to Dr Michael Somogyi who kindly supplied us with a preview 
of his manuseript before publication. The fructose estimation was by Cole’s modification of Roe’s 


‘method (1984) as described in Bacon & Bell (1948). Corrections were applied for the influence of 


each on the determination of the other when both were present. 


Radioactive sugar determinations 
The fermentation by yeast of the filtrates and the evolution and trapping of the “CO, as barium 
carbonate was carried out in a closed circuit apparatus shown in Fig. 1. 
The three-way tap 7’ on the fermentation flask F, connects either the side tube A or the thistle 
funnel to a tube leading below the surface of the liquid in the fermentation flask. The second side 
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tube B with standard taper and tap can be connected to a pump used for drawing gas (0, or N, 
as required) through the flask before adding the glucose oxidase or the cere suspension via the 
‘thistle funnel. 

‘This ground joint can also be connected with a second flask F,, shaped like an inverted closed 
funnel, containing baryta water. This arrangement is used with a pump, employing a roller 
working on rubber tubing, which circulates gas from the fermentation flask through the baryta 
water and back to the fermentation flask. 

After collection of the CO, as barium carbonate the second flask is temporarily closed while 


_ being inverted over a Seitz filter (sterimat) for filtration under reduced pressure. 


The radioactive glucose of known specific activity was weighed and dissolved in water to give 
a known concentration usually between 1 and 5%. If necessary this solution was then mixed 
with inactive carrier glucose (concentration 5 g/100 ml.) before injection. About 200 uc were 
required for an a. 


Fig. 1. Apparatus for fermentation of total sugars and oxidation 
of glucose. Description in the text. 


Samples were taken from the maternal and foetal bloods as desired. The filtrates from blood 
samples of 1-25 ml., deproteinized by barium hydroxide and zinc sulphate, were used for yeast 
fermentations as previously described. Fermentation was carried out at 37° C for 40 min. The 
filtered barium carbonate on the sterimat was transferred to a desiccator and when dry counted 


with a thin-window Geiger counter. 


A second sample of the filtrate from 1-25 ml. of blood was incubated with 0-5 mg of glucose 
oxidase together with a catalase preparation and a stream of oxygen bubbled through for 40 min. 
The oxygen in the fermentation flask was then replaced by nitrogen which was brought to a 
pressure of about 450 mm Hg, a suspension of yeast added and fermentation continued for 
40 min, The subsequent collection of CO, as barium carbonate was as described above. 


RESULTS 

In control experiments of the earlier series, using aqueous sugar solutions and 
S. cerevisiae, it was found that the counts given by the barium carbonate were 
proportional (with a maximal error of 15°) to the number of milligrams of 
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radioactive sugar fermented in the range 0-5-4-0 mg. Thus the counts/min 
divided by the weight in mg of the sugar in a specimen could be taken as a 
measure of the specific activity of the sugar. The counts from one experiment 
to another, however, varied considerably, and it is more convenient to refer 
such activities to that of one specimen and this has been done in giving 


one specimen in each experiment has been fixed at an arbitrary value of 100 
and values given for other specimens are their activities relative to this 
standard. 

To determine the allowance to be made for the activity after oxidation by 
notatin it was found that in six experiments using pure glucose standards the 
average residual counts were 15%, of those obtained from the product of yeast 
fermentation alone. In four experiments with maternal sheep’s blood the 
average residual counts were =22°%. In these experiments, therefore, counts 
from foetal blood, after oxidation of the glucose, which are in excess of about 
22°% of the counts from yeast fermentation alone are taken to indicate incor- 
poration of 4C into fructose, whereas counts of the same order as 22% or less 
are regarded as not so indicating. An estimate of the activity due to fructose 
was obtained by calculation from two counts, (1) the count obtained from the 
CO, resulting from yeast fermentation of a blood filtrate which had not been 
treated with glucose oxidase (a measure of radioactive glucose and fructose), 
and (2) the count obtained from a second sample of blood filtrate which had 


2 


radioactive fructose and residual activity). 

The activity per mg of fructose could be arrived at from this measurement 
of activity, together with the quantities of fructose and T.R.s. estimated by 
chemical methods. , 

The results showed that the slow intravenous injection of radioactive 
140-glucose into the ewe or the foetus did not significantly affect the pre- 
injection levels of sugar in the blood of either, but the counts from foetal 
specimens after oxidation of glucose were significantly higher than could be 
accounted for by the residual glucose counts in the }, 4, 1 and 3 hr samples. 
Further, when the activity was estimated on the assumption that it was all in 
the foetal glucose, values were obtained which were not only greater than those 
for maternal glucose but also in some cases implied an impossible concentra- 
tion of 4Q-glucose relative to 1#C-glucose in foetal blood. | 


Fructose formation in the absence of maternal hyperglycaemia 
The figures for radioactivity in the bloods of ewe and foetus, derived from 
three experiments in which 4C-glucose was injected into the ewe without 
causing maternal hyperglycaemia, are summarized in Table 1. 
In the later series of experiments using the yeast Torulopsis mannosa and 
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carrying out fermentations in an atmosphere of N, with azide added to the 
medium it was found that the residual counts obtained from '4C-glucose 
standards when fermented, following oxidation of the glucose with notatin, 
were somewhat less than in the Saccharomyces cerevisiae experiments but they 
were still of the order of 5-15% of the counts obtained on fermentation with- 
out prior oxidation. In experiments of short duration (20 min), in which 


Taste 1, Sheep 526, 539, 513, 659 and 806. Measurement of radioactivity in maternal and foetal 
bloods showing formation of foetal fructose during injection of '“C-glucose into ewe while 
avoiding maternal hyperglycaemia 

Relative counts/min derived from yeast fermentation 


Followi 
Of 1-25 ml. glucose-o Post-oxidase 

Time maternal Of 1-25 ml action on counts (%) 
sample blood foetal blood _foetal e. 1000/B 
taken B 

Sheep 526 (foetus 3-0 kg, 134 days gestation age) 
hr = (2)* 40 15 37-5 
65 45 69 
1 94 >100 
3 40 9-4 23:5 
Sheep 539 (foetus 3-2 kg, 134 days gestation age) 
hr 100 (21-4)* 41 20 49 
75 71 53 75 
1 61 109 eee: | 68 
3 21 71 66 93 
Sheep 513 (foetus 0-5 kg, 95 days getation age) 
} hr = (21-7)* 48 67 
4 84 ‘2 50 
1 38 126 69 55 
3 15 72 56 78 
Sheep 659 (foetus 2-1 kg, 124 days gestation age) 

5 min 19 (4) 19 2 : 9-5 
10 100 (22)* 33 3 9-1 
20 110 (36) 49 10 20 
30 18 56 

Sheep 806 (foetus 3-6 kg, 140 days gestation age) 
br 100 (5)* 27-5 
100 (5) 37:5 10-4 28 
1 69 (14) 33-5 18-3 55 
3 6 (1-9) 25°5 20-5 80 


Times measured from beginning of injection of radioactive sugar. 

* Reference specimen for each experiment. Figures in brackets (column A) indicate residual 
counts on a second specimen after glucose oxidation by oxidase. In sheep 526, 539 and 513 the 
l hr foetal specimens give higher counts than do maternal samples although containing less 
glucose, indicating the presence of radioactive foetal fructose. The post-oxidase counts which 
averaged 21% on the maternal samples are significantly higher in foetal specimens. In these 
sheep fermentation was accomplished with S. cerevisiae. In sheep 659 the post-oxidase counts 
from foetal specimens exceed what may be expected from residual counts at 30 min. In this sheep 
and in sheep 806 fermentation was with T'orulopsis mannosa. 


+ The low relative count of 72 is due to an error in technique which yielded the high value o‘ 


>100 in column D (actually 130%). 
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foetal blood was sampled at 5, 10, 20 and 30 min following the commencement 
of slow infusion of C-labelled glucose into the maternal blood, the activity 
of foetal blood samples after glucose oxidation by notatin was not significantly 
above what might be attributed to residual counts except in the 30 min 
sample. The results of such an experiment are shown in Table 1 and Fig. 2. 
Thus the method proved to be insufficiently sensitive to follow the rate of 
formation of *C-fructose in the early stages of an experiment. The activity 
per mg of the foetal fructose at 30 min in two such experiments was only 2-8 
and 76% of the activity of the maternal glucose at 10 min (sheep 615 and 
659 of 110 and 124 days foetal age respectively). , 


160 - Sheep 659 Foetal age 124 days 


10) 
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Fig. 2. Data from sheep 659 illustrating the quantitative results of the slow infusion experiments 
in which radioactive glucose is injected into the maternal blood without carrier glucose. 
Although the glucose concentration of the maternal blood exceeds that of foetal blood, as is 
usual, the combined foetal sugars (glucose and fructose) exceed in concentration that of the 
maternal glucose. @—— @, foetal fructose; @---@, foetal glucose; © —— ©, foetal 

- total reducing substance, T.R.s.; x --- x, maternal glucose. 


In an experiment (sheep 806), of 3 hr duration instead of 30 min and similar 
to those described above using sheep 615 and 659, the residual counts on 
glucose standards and maternal blood at } and 4 hr were only 5% of the 
original counts but were of the order of 20 and 30% at 1 and 3 hr (Table 1). 

In this experiment the activities of the foetal fructose at 4, 1 and 3 hr 
relative to that of the maternal glucose in the } hr specimen were 2:3, 7-8 and 
11:6% respectively, when allowance is made for residual glucose counts of 


20°%. The same calculations made for residual glucose counts of 5% give’ 
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activities of 5-0, 11-0 and 12:2% at 4, 1 and 3 hr respectively. The best esti- 
mate which these results permit us to make is that about 2-3-5-0% of the 
foetal fructose was derived from maternal glucose during the first a hr period 
and about 5-5-6-0% during the second half hour period. 

Assuming no radioactive fructose was destroyed during the same period, an 
estimate of the rate of fructose. ane could be obtained if the total mass of 
fructose were known. | | 


Fructose space 


estimate the total mass of in foetus and it is 
necessary to know the fructose space—that is the combined foetal and placental 
fluid volume within which fructose becomes evenly distributed. There have 
been a number of experiments carried out by Huggett et al. (1951) and by the 
present authors in which fructose was injected into the umbilical vein and a 
specimen taken 5 min later. If it be assumed that this time allows even dis- 
tribution throughout the fructose space but is so short as to permit of no 
significant removal of fructose and, as has been observed (Hitchcock, 1949; 
Goodwin, 1954), the sugar is evenly distributed between red blood cells and 
plasma, then the volume of the fructose space can be wash sana in ae 
from the formula 

W mg injected 
—e in concentration mg/100 ml. of fructose 
in foetal blood resulting from injection) 


10 (C,—C;) mg/100 ml. 


The results of a number of such experiments are given in Fig. 3 showing the 
dependence of the value obtained on foetal age. 


+10, 


i.e. 


Using the values for the fructose space taken. from Fig. 3 and the relative 
specific activity of the foetal fructose at 30 min, following a slow infusion of 
“C-ghucose as described in the above experiments, it is calculated that the 
minimum rate of new synthesis of fructose in the sheep’s placenta of 110 days 
gestation age lies between 2:3 and 7-7 mg/min and the single experiment of 
140 days gestation age (sheep 806, Table 1) gives a value of 2-5-3 mg/min. 

This value is derived as follows: the fructose space is taken as 1-51. and the 
total mass of fructose therefore 177 x 15=2660 mg. But 2-3-5-0 % was derived 
from C-labelled glucose within the first } hr and a further 5-5-6-0% during 
the second } hr. These amounts range from 61 mg (2-3°) to 160 mg (6-0°%,) 


so, assuming no loss of radioactive fructose, new production must be of the 
order 2-0-5-3 mg/min. 
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In spite of the limitations of the radioactive method, due to the residual 
counts found after oxidation of pure glucose, these estimates are of the same 
order as those of direct perfusion experiments to be described in a subsequent 
paper. 

25 


OL i j 
90 110 130 150 
Days pregnant 


Fig. 3. space in sheep foetos and placenta at diferent foetal ages. The volume was 


calculated from the formula 
fructose injected (mg) _ 
= C6 m (5 (initial)} x 10° 


Effect of foetal hyperglycaemia | 
In experiments with ™O-glucose in which a foetal hyperglycaemia was 
produced by injecting additional non-radioactive carrier with the radioactive 
glucose into the umbilical vein, it was possible to confirm the transfer of 
glucose from the foetal to maternal circulation. 
This is illustrated by the results of two experiments (sheep 509 and 518 of 
foetal ages 104 and 110 days) shown in Tables 2 and 3. In these experiments 


the activity of the mixture of carrier and radioactive glucose in the injected 
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solution was taken for reference (i.e. as 100) _ activities of the other 
specimens are relative to this value. 

_ Since the counts in the two experiments have been scaled down to compare 
with a standard whose activity is taken as 100 counts/min for each mg of 


TaBLE 2. Sheep 509 and 518, Measurement of radioactivity of maternal and foetal bloods during 
injection of “€-glucose with C-glucose as carrier into the umbilical vein to cause foetal 
hyperglycaemia and fructose formation 


Relative counts/min derived from yeast fermentation 


Followi 
Time Of 1-25 Of 1-25 glucose-oxi Post-oxidase 
sample of maternal of foetal action on counts (%), 
taken blood blood foetal blood i.e. 100C/B 
(hr) A B C D 
Sheep 509 (foetus 0-9 kg, 104 days gestation age) 
95. 55 58 
1 17-5 78 50 64 
3 76 51 49 96 
Sheep 518 (foetus 1-3 kg, 110 days gestation age) 
3-5 36 71 
1 3-2 47-5 36 76 
17 26 26 100 


Rate of injection 2 g/kg foetal weight. In these experiments the counts have been scaled down 
in proportion to the injection glucose such that each mg of injected glucose gave 100 counts/min 
on yeast fermentation. 


TaBLE 3. Sheep 509 and 518. Quantities of labelled glucose present in 100 ml. of maternal and 
foetal blood as a result of injecting “C-glucose and '*C-carrier glucose into the umbilical vein 
in quantity to cause foetal hyperglycaemia 


Maternal blood Foetal blood 


le Labelled : Labelled 
taken Total glucose sugar present Glucose Fructose Total sugar sugar present 
(hr) mg/100 ml. mg/l00 ml. mg/l00ml. mg/l00 ml. mg/100ml. mg/100 ml. 
(1) (2) (3) (4) (5) (6) (7) 


Sheep 509 (foetus 0-9 kg, 104 days gestation age) 


Initial 47 — 52 168 220 — 
70-8 18 116 172 288 «16 
93-6 14 86-5 196 282-5 62 
3 56 6 aes 200 247 41 
Sheep 518 (foetus 1-3 kg, 110 days gestation age) 
Initial 26-6 25 93 
H 60-4 3 55 92 147 41 
56-4 2-6 37 108 145 38 
3 45 1-4 39 132 171 21 


mixed glucose (radioactive and carrier) in the injected solution, the amount of 
such mixed glucose in 100 ml. of the various specimens can be calculated by 
multiplying the counts from 1-25 ml. by 80 and dividing by 100. This has been 


done for columns A and B of Table 2 and the results included in Table 3, 
columns 3 and 7. 
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_. The high values of the post-oxidase counts in these hyperglycaemic experi- 
ments, compared with the non-hyperglycaemic, indicate that as the foetal 
glucose is progressively mixed with the larger quantity of non-radioactive 
glucose in the maternal circulation and extracellular fluid the activity left in 
foetal blood is more and more due to foetal fructose. 

The measurements of radioactivity confirm the rapid flow of injected glucose 
across the placenta to the maternal circulation (Table 2, column A). 


Effect of maternal hyperglycaemia | 

Another aspect of placental physiology on which it was considered '4C- 
glucose experiments might throw some light was the rate of glucose transfer 
across the placenta under conditions of maternal hyperglycaemia. 

In experiments with this object in view it was possible to modify the 
techniques in two respects. First, the maternal blood sugar was raised by a 
slow injection of non-radioactive glucose and time allowed for the blood 
sugar concentration to reach a plateau in both maternal and foetal circulations; 
then a slow continuous injection of 'C-labelled glucose was added to the 
infusion of non-radioactive glucose into a maternal vein for 20-30 min during 
which period samples of foetal blood were taken. Secondly, as a short-term 
experiment only was planned and as the incorporation of “C into foetal 
fructose was found to be small within the first 30 min, the glucose oxidase 
separation technique could be discarded. 

In one experiment (sheep 626, Table 4), therefore, yeast fermentations 
without oxidase were carried out, and as a parallel check planchettes were 
prepared with 0-1 ml. plasma and dried. In a second experiment (sheep 645, 
Table 5) duplicated samples of dried plasma were used. Although counts 


_ obtained on dried plasma are lower than those with yeast fermentation, due to 


the small volume of plasma used, the errors in manipulation and technique 
are minimized and for the present purpose the results are probably more 
reliable. | 

The results of these experiments are summarized in Tables 4 and 5. In both 
sheep the slow infusion of non-radioactive glucose was effective in establishing 
a plateau concentration in both maternal and foetal blood although a concen- 
tration difference from mother to foetus of about 500 mg/100 ml. was observed 
in each case. . 

In the results of sheep’ 626 the activity in maternal blood containing 
800 mg/100 ml. is equal to 70 counts/min/0-1 ml. dried plasma over the first 
5 min of the 4C-glucose infusion, The 11 counts/min given by foetal plasma 


~ must represent 126 mg (44 x 800) of maternal glucose per 100 ml. acquired in 


5 min for every 270 mg of glucose in the foetal concentration. If equilibration 
at this level has been complete within the 5 min then 25 mg/min of maternal 
giucose has transferred to each 100 ml. of foetal blood. Between 5 and 10 min 
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the uptake of maternal glucose averages 30 mg/min for every 100 ml. of 
blood, assuming no loss of radioactivity by backflow. 

Since the umbilical blood flow in a foetus of this age is about 200 ml./min 
(Cooper, Greenfield & Huggett, 1949) it follows that a placental transfer of 
maternal glucose of at least 60 mg/min was occurring in this experiment. 


TasLe 4, Sheep 626. (Foetus 2-2 kg, 126 days gestation age.) Placental transfer of maternal 
glucose. Maternal hyperglycaemia established by prolonged intravenous infusion of 1*C- 
glucose; additional slow injection of }*C-glucose after 60 min 


Maternal blood Umbilical vein blood 
Counts Counts/ Counts Counts/ 
derived min 7 derived a 
from 0-lml. Glucose Fructose from 0-1 ml. 
Time of Glucose 1-25 ml. dried mg/ mg/ 1-25 ml. dried 
sample mg/100 ml. blood plasma, 100ml. 100ml. _ blood plasma 
Initial 7:8 0 47 
After 60 min 768 279 88 
120-glucose in- 
fusion and at 
start of 
injection 
+ 5min- 800 163 70 270 | 92 35 11 
+10 min 782 223 125 289 88 61 Mee Jona 
+15min 740 289... 192 331 95 96 Plasma lost 
+20 min 806 282 194 321 96 118 71 


Counts not corrected relative to the count of any standard blood sample. 


Taste 5, Sheep 645. (Foetus 0-92 kg, 107 days gestation age.) Placental transfer of maternal 
glucose. Maternal hyperglycaemia established by prolonged intravenous infusion of a 
glucose; additional slow injection of “C-glucose after 30 min 

Maternal blood = Umbilical artery blood Umbilical vein blood 


min 
0-1 ml. Glucose Fructose 0-1 ml. Glucose Fructose 
Time o mg dried mg/ mg/ dried mg/ mg/ 
sample 100ml. plasma 100ml. 100ml. plasma 100ml. 100 ml. 


Initial 62-5 — 88 163 — 
After 30 min | 705 152 181 124 22 
12C.glucose in- 
fusion and at 
start of 4C 
injection 
+ 5 min 793 74 183 175 4 187 181 | ll 
+10 min 790 116 =~ «#198 173 12 207 186 23 
+15 min 838 130 209 181 19 228 183 30 
+20 min 802 208 207 181 21 239 195 44 


Counts not correlated relative to the count of any standard blood sample. 


In sheep 645, samples of umbilical artery and vein blood were taken simul- 
taneously and the arteriovenous (A-V) difference in radioactivity can be used 
to estimate the uptake of maternal glucose by the foetus on the same lines as 


de 
ae 
ar 
Bet 
; 
q 


of 


al 
0. 


PLACENTAL TRANSFER OF RADIOACTIVE GLUCOSE 363 


. described above. The results are shown in Table 6 and indicate that each 


100 ml. of foetal blood passing through the placenta is taking up over 70 mg 
of maternal sugar. This means that in this experiment about one-third of the 
total glucose in the foetal blood is derived from maternal glucose at each 
passage through the placenta. 


TaBLE 6. Sheep 645 (Table 5). Calculation of maternal glucose entering the umbilical circulation 


Maternal glucose 
blood entering umbilical 


_ Maternal blood venous blood 
Maternal counts/min difference in mg/100 ml. 
Time of | blood from 0-1 ml. counts/min per coln. (4) in. (2) 
sample mg/100 ml. plasma ml. plasma coin. (3) 
(1) (2) (3) (4) (5) 
+ 5min 793 14 7 15 
+10 min 790 115 1] 75°5 
+15 min 838 134 tae ‘69 
+20 min 802 208 23 89 
Av. 77:1 


The determination of radioactivity treated in this way gives no information 


about the net transfer from mother to foetus since the glucose flux from foetus 
to mother is unknown. However, if the process was one of simple diffusion 
the forward and back transfers would be proportional to the plasma glucose 
concentrations. In the foetal blood the sugars are approximately evenly distri- 
buted between cells and plasma, whereas in the adult the sugar is mainly in 
the plasma and plasma concentrations are approximately 1:5 x whole blood 
concentrations (Goodwin, 1954). Therefore the approximate plasma glucose 
concentrations are given by 


maternal plasma: foetal plasma = 800 x 1:5:200=6:1. 


On a basis of diffusion and with a forward flux of 70 mg/100 ml. of blood 
the retroflux should be 12 mg/100 ml. and the net transfer of glucose should 
be 60 mg and a concentration difference of this order would therefore be 
expected between umbilical venous and arterial blood. The actual concen- 
tration differences observed in the 5, 10, 15 and 20 min samples respectively 
were 4, 14, 19 and 32 for glucose alone and 10, 27, 21 and 46 if both glucose 
and fructose are taken into account. These values are considerably below the 
60 mg needed for a diffusion mechanism. Be 

The evidence of these results confirms the inability of simple diffusion to 
account for glucose transfer and, assuming an active transfer mechanism 
exists, gives an indication of the maximum transfer which could be effected 
by the mechanism if it were fully saturated and working unidirectionally. 

In fact, in @ carrier transfer system such as postulated by Widdas (1952), 
when measuring with a radioactive tracer technique there would be found an 
it... case in glucose flux but not net transfer, since the back flux would rise too. 
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This back flux not only explains the absence of equilibration between maternal 
and foetal glucose concentrations but also the fact that the blood glucose level 
of the foetus is only a third of that of the mother. — 


DISCUSSION 
It would appear from the literature (Huggett & Hammond, 1952) that traces 


of fructose probably occur in the foetal blood of most mammals, but the | 


ruminants and the whales (Goodwin, 1954) are the only groups so far investi- 
gated in which the foetal fructose exceeds the foetal glucose and in which 
fructose is indeed quantitatively the chief foetal sugar. 

The present experiments show that fructose is being formed while the glucose 
concentrations in ewe and foetus are at physiological levels, and it seems there 
must be a dynamic equilibrium in which the rate of formation of fructose in 


the placenta is balanced by the rate of removal either by foetal or placental 


tissues. 

The estimated rate of fructose production, 2-7 mg/min, appears small com- 
pared with the large quantities of glucose which can be transferred through the 
placenta under conditions of hyperglycaemia, but these conditions are 
physiologically abnormal. The fructose production, however, may play an 
important part in foetal or placental metabolic processes as suggested by 
Huggett et al. (1951) in view of the low glucose concentrations frequently met 
with in the sheep. | 


_ As regards glucose transfer, the present experiments demonstrate a high | 


capacity for transfer either from maternal to foetal circulation or in the reverse 
direction when hyperglycaemia is produced experimentally. Considerable 
variation may exist from animal to animal but a flux of 70 mg/min appears to 
be minimal at high glucose concentrations. The observed backflow of 14C- 
glucose from foetus to mother is what might be expected of a non-secretory 
process by which transfer of sugar can occur in both directions. That this 
backflow occurs even against a gradient has been shown in recent studies by 
Chinard, Danesino, Huggett, Paul & Reynolds (1955) in the monkey. 
Although observed glucose transfer cannot be reconciled with simple 
diffusion (Widdas, 1952), the process would not appear to be an active secre- 
tion of glucose and our experiments suggest that the direction of net transfer 
depends on the relative magnitudes of the maternal and foetal concentrations. 
It is possible to visualize a transport mechanism whereby molecules are 
transferred from a region of higher to one of lower concentration, not by a 
simple process of diffusion but by a chain of reactions (Danielli, 1954). The 
chain, in this instance, would be one in which glucose is involved in the 
formation and breakdown of complexes whose motion is such that the direction 
of net transfer of glucose is determined by the relative active masses of the 
sugar at the ends of the chain. If this be so the concentration of glucose in the 
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foetal blood must normally be lower than in maternal blood. In fact the 
maternal blood glucose concentration does usually exceed the foetal blood 
glucose concentration in all species (Huggett & Hammond, 1952). The hypo- 
thesis would account for these observations and further it offers an explanation 
of the passage of labelled glucose molecules in a direction opposite to that of 
net transfer. | 

An enzymic pathway whereby glucose is converted into fructose, does not 
necessarily suffer such limitations and there would appear to be continued 
synthesis of fructose even though its concentration is higher than that of 
glucose in either the maternal or foetal bloods. Thus fructose production is in 
keeping with a secretory function on the part of the placenta. This function, 
coupled with the relative impermeability of the placenta to fructose (Huggett 
et al. 1951), presumably accounts for the raised foetal fructose concentration. 

The use of a radioactive technique to investigate the placental fructose 
production is limited by the need to separate glucose and fructose in foetal 
blood specimens. No simple method suitable for the quantities required for 


radioactive assay is available, and the indirect method described in this paper 


loses in sensitivity as a result of the residual counts given on yeast fermentation 
by glucose standards even after glucose oxidation by notatin. A paper 
chromatographic method was considered, but in view of the small quantities 
of solute separated on paper it would be necessary to use injection solutions of 
very high activity. The present results, however, suggest that the rate of 
fructose production and placental glucose may be determinable also by direct 
perfusion experiments and these will form the subject of a subsequent paper. 


SUMMARY 
1. 4C-fructose can be identified and determined in the presence of C- 
glucose by differential fermentation with yeast before and after destroying the 
glucose with glucose-oxidase, the 4CO, being trapped and counted. 
- 2. The method is found to be somewhat insensitive since the oxidase 
residues fermented with yeast yield “CO, counts equal to approximately 
one-fifth of those obtained from pure glucose standards. Allowance has been 


made for these residual counts. 
"3. When40-glucose is injected into the pregnant sheep both “C-glucose and 


4(-fructose are found in the foetal blood even though there is no maternal 
hyperglycaemia. 

4. Experiments with C-glucose also demonstrate the backflow of glucose 
from foetus to ewe when a foetal hyperglycaemia is produced. 

5. The magnitude of the glucose flux from ewe to foetus during a maternal 
hyperglycaemia was found to be over 70mg/min. The net transfer was 


considerably less than would be expected on a basis of diffusion. 
24 PHYSIO. CXXIX 
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6. The evidence suggests that under physiological conditions, the formation 
and withdrawal of fructose must be in dynamic equilibrium such that fructose 
production by a secretory-like process is balanced by its anes or utilization 
by the foetus or placenta or both. 
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THE PLACENTAL TRANSFER OF SUGARS IN THE SHEEP: 


THE INFLUENCE OF CONCENTRATION GRADIENT UPON THE 
RATES OF HEXOSE FORMATION AS SHOWN IN UMBILICAL 
PERFUSION OF THE PLACENTA 
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Placental perfusion via the umbilical vessels affords a means of assessing 
placental function without the complications of foetal metabolism. In essence 
the foetus is removed and the perfusing fluid circulated by a pump through that 
part of the placental vascular bed normally occupied by foetal blood. 

Huggett, Warren & Warren (1951) described a qualitative experiment of 
this type in which they were able to show that the concentration of fructose in 
the perfusing fluid continued to rise under conditions of hyperglycaemia in the 
ewe. In the detached but viable foetus the blood fructose concentration 
declined. This experiment formed part of their evidence that fructose was in 
fact produced by the placenta of sheep and not by the foetus. 

Alexander, Andrews, Huggett, Nixon & Widdas (1955) have demonstrated 
that. glucose labelled with “Carbon forms fructose even without hyper- 
glycaemia, and in hyperglycaemia they estimated passage of glucose from 
maternal to foetal circulations to be greater than 70 mg./min. The estimated 


__ production of fructose without hyperglycaemia was much smaller, being of the 


order of 2-7 mg/min. Nevertheless, thesetates were of a magnitude which 
might be capable of direct measurement if the placental perfusion technique 
could be developed for more quantitative experiments. 


The purpose of the present paper is to describe experiments in which 


placental perfusion has been used to estimate the transfer of glucose across 
the placenta, the rate of production of fructose and the influence of hyper- 
glycaemia on these placental functions. 

The general results indicate that whereas raised glucose concentration at one 


side of the placenta markedly increases the rate of glucose transfer, the rate of 
| | 24-2 


x 


10n 
ural 
Bcial 
the 
arly 
it at 
was 
who 
ute 
pep. 
he 
in 
ort. 
on: 
orn 
ll’s 
n’s, 
in 
nd 
he 
| | 


368 D. P. ALEXANDER AND OTHERS 


fructose production is not sensibly affected. It appears in consequence that 
the rise in fructose concentration normally observed in experiments~of the 
type described by Huggett e¢ al. (1951) may be due, at, least in part, to a 
lowered rate of fructose utilization. 


METHODS 


The methods of sugar determinations were essentially the same as those previously described 
(Alexander et al, 1955). The values given are for whole blood and not plasma, The foetus was 
delivered by caesarean section under spinal anaesthetic, the sheep being in a saline bath at 37° C 
as described by Huggett (1927). The umbilical cord was dissected to clean the four umbilical 
vessels while being sprayed with formol-saline (which prevents the vessels from contracting down 
due to handling). 

The perfusion was carried out with a Henry-Jouvelet rotary pump as described by Huggett et al. 
(1951). This pumped the perfusing fluid from a reservoir in the bath at 37° C through a pressure- 
limiting chamber (which allowed fluid to leak back to reservoir side if the pressure exceeded a 
fixed amount) to the two umbilical arteries. The effluent from the placenta was led from cannulae 
in the umbilical veins back to the reservoir so completing the circuit for ‘recirculating’ perfusions. 

In some of the experiments it was desired to estimate the uptake of sugars on a single passage 
through the placenta. To achieve this a large reservoir of perfusing fluid was used and the effluent 
collected in separate vessels changed at 1 or 2 min intervals. This type of experiment is described 
as a ‘through’ perfusion. 

In the cannulation of the umbilical arteries it was found advisable to stop the umbilical circu- 
lation while all four vessels were cannulated as rapidly as possible (about 4 min). All four clamps 
were released simultaneously and the pump started. The essence of speed lay in perfect team work 
and well-rehearsed drill for each member of the team. 

The perfusing fluid has been varied. Previous experiments by Huggett et al. (1951) had shown 
that saline was unsatisfactory. A phenomenon which occurs in some cases is a progressive falling 
off in the rate of perfusion. It is accompanied by oedema of the cotyledons, by progressive oxygen 
desaturation as judged by the hue of the effluent blood and impaired fructose production. This is 
usually a terminal event, the onset of which limits the useful time of any perfusion experiment to 
about 2-3 hr. In the majority of experiments perfusion has been with adult sheep’s blood either 


obtained from the parent ewe (for small quantities used in a ‘recirculating’ experiment) or from 


an abattoir (heparinized and filtered through muslin). In a few experiments plasma has been used. 
This has been obtained from sheep but human and ox plasma have been tested and found to work, 
but with these oedema is earlier than with sheep plasma or with whole blood. The test of ‘ working’ 
has been the time of effective perfusion without falling off in -volume of effluent or the production 
of fructose. The results reported are entirely from sheep blood components. 


RESULTS 
‘Recirculating’ perfusion experiments 
The aim of the ‘recirculating’ perfusions was to study the condition of equili- 
bration of glucose and fructose in the absence of the foetus and to observe the 
changes brought about by altering the concentrations in the maternal cr 
umbilical circulation. (‘Umbilical’ is used here to mean the perfused foetal 


part of the placenta, the umbilical vessels and cannulae, and the pump and 
reservoir. ) 
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_ The experiments fall into groups in each of which one of the following 
changes was made: 
(i) Elevation of maternal blood glucose. 

(ii) Elevation of the umbilical blood glucose. 

(iii) Elevation of the umbilical blood fructose followed by elevation of the 
maternal blood glucose. 

(iv) Elevation of the maternal blood fructose. 


Elevation of maternal blood glucose 

After an initial period of umbilical perfusion the glucose coneueieation in 
the blood of the ewe was raised by a slow continuous infusion of glucose 
(5 g/100 ml.) in volume calculated to deliver 2 g/kg maternal body weight 
during 60 min. The changes were similar in three experiments (sheep M4, 
646 and ane and the results from sheep 712 are shown in Fig. 1. 


Blood sugar (mg/100 mi.) 


T 


4 
/ 
~9--- 
120 180 240 300 
Time (min) | 


to mother 


Fig. 1. Sheep 712. Foetal age 102 days. Recirculating perfusion. Influence on blood sugar 
concentrations of glucose infusion to the mother. x --- x, Maternal blood glucose concen- 
tration; @ - - - @, umbilical blood glucose concentration; @——@, umbilical blood fructose 
concentration. 


The initial glucose concentrations have typical gradients from maternal to 
umbilical circulations. On commencing the infusion there is a steep rise in 
maternal blood glucose concentration which is maintained at a high level, 
subsequently determined to have an average value of 380-400 mg/100 ml, for 
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over 30 min. in each of the three experiments. The umbilical blood glucose 
rises steeply at first and then more slowly to 160 mg/100 ml., after which it 
begins to decline as the maternal glucose concentration falls off. The initial 
rise in foetal glucose represents an accumulation of glucose of 6 mg/100 ml./min. 
In the other experiments initial rises of 4-5 and 5-0 mg/100 ml./min were 
observed. 

This type of behaviour is essentially the same as that observed by Huggett 
et al. (1951), with the foetus not removed from its placental connexions. 
Widdas (1952) considered, from the decline of glucose concentration in 
separated foetuses, that foetal utilization could not account for the fall off in 
foetal glucose concentration, while a large gradient from mother to foetus still 
existed. These experiments without the foetus give direct evidence that the 
_ phenomenon is not a result of foetal utilization and confirm the suggestion 
that glucose transfer across the placenta falls off with a raised glucose concen- 
tration on the foetal side of the barrier. Further, while there is still a positive 
gradient from mother to pump circulation, the umbilical glucose begins to fall. 

The results for fructose in these experiments confirm the observations of 
Huggett et al. (1951) and Alexander et al. (1955). In each experiment the first 
recorded concentration of fructose in umbilical blood is largely that of foetal 
blood before perfusion. When perfusion of the umbilical vessels with maternal 
blood begins this concentration is lowered by dilution. Thereafter the fructose 
concentration rises over a period of 90 min confirming the synthesis of fructose 
when no hyperglycaemia exists. During the induced hyperglycaemia fructose 
continues to be produced but the rate of accumulation is not significantly 
altered from that during the non-hyperglycaemic part of the experiment. 


Elevated umbilical blood glucose 

The results of an experiment in which the glucose concentration of the 
perfusing fluid was suddenly raised-by the addition of 1 g glucose in 5 ml. 
water are shown in Fig. 2. 

The glucose concentration was temporarily increased by more than 
120 mg/100 ml. but declined to about resting values within 1 hr. A small 
rise in maternal glucose accompanied the fall in the umbilical concentration. 

This type of experiment shows that the rapid fall in glucose concentration 
on the foetal side after its elevation can be accounted for by back transfer to 
the maternal circulation. It confirms the finding of previous experiments with 
the foetus attached, that, in this fall, foetal utilization is of secondary im- 
portance (Huggett ef al. 1951). 

The fructose concentration in the umbilical perfusate shows a steady rise as 
in experiments of the type shown in Fig. 1 above. There is an increased rate 
of accumulation when the umbilical glucose concentration is raised but the 
effect is not marked. The production of fructose by the placenta and its 
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accumulation presumably contribute to the disappearance of umbilical glucose 
and help to restore the normal direction of the concentration gradient from 
the maternal to the foetal side of the — 


140+ 
120 i 
100 - 2 
‘ 
bi Glucose to reservoir 
0 20 — 40 60 80 100 120 
Time (min) 


Fig. 2. Sheep 630. Foetal age 121 a ‘Recirculating’ perfusion. Effect of — addition ~ 
umbilical reservoir. x --- x, Maternal blood glucose concentration; @ - - - @, umbilical 
blood glucose concentration ; umbilical blood fructose 


_ Elevation of umbilical fructose and maternal glucose 


The use of maternal blood in the reservoir in the above experiments had the 
result of depressing the mean level of blood fructose in the umbilical circulation 
and this did not appear to have reached equilibrium before the umbilical 
glucose concentration was raised, Consequently it is difficult to ascribe signi- 
ficance to the continued rise in fructose concentration or to the small change in 
the rate of accumulation shown in Fig. 2. 

In Fig. 3 are shown the results of an experiment in which the fructose of the 
reservoir was increased to above what was considered the probable equilibrium 
level. This proved to be the case and the umbilical fructose concentration fell 
gradually during the first 75 min. The umbilical glucose concentration in this 


_ experiment was very low, differing from zero by no more than the limits of 


accuracy of the method. 

On raising the maternal glucose as in the first type of experiment described 
(Fig. 1) a blood concentration of over 400 mg/100 ml. was obtained and held 
for 90 min. During this time the umbilical fructose, which had fallen from 
157 to 120 magi ml. _ to rise and attained the value of 136 — ml. 
in 75 min, 
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The results of this experiment indicate a shift in the equilibrium concen- 
tration of umbilical fructose towards a higher value and a relatively slow but 
definite accumulation of fructose in the umbilical circulation on raising the 
umbilical glucose concentration. In an earlier paper (Alexander e¢ al. 1955) 
it was postulated that the new production of fructose observed by the tracer 
technique was balanced by placental or foetal removal and utilization. The 
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Fructose added Glucose infusion 
to reservoir 


Fig. 3. Sheep 646. Foetal age 116 days, ‘Recirculating’ perfusion. Fructose was added to the 
reservoir to give a high initial umbilical fructose concentration which subsequently declined. 
The effect of an increase in maternal blood glucose to 450 mg/100 ml. was to reverse the 


trend in the fructose concentration. @ ---@, Umbilical blood glucose concentration; 
@——®@, umbilical biood fructose concentration. 


present experiment in its initial stages indicates that the placenta can effect 
a removal of umbilical glucose, and since Huggett et al. (1951) were unable to 
demonstrate back transfer of fructose to the maternal circulation it would 
appear that this removal is probably due to a metabolic utilization. 


Elevation of maternal blood fructose 


In experiments in which fructose was injected into the matethal circulation 
of which an example is given in Fig. 4, a maternal fructose concentration of 
over 500 mg/100 ml. was obtained which subsequently fell away exponentially, 
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with a half-time of about 30 min. The maternal glucose rose as the fructose fell, 
presumably due to a conversion of the latter sugar. The umbilical fructose 
concentration was determined at frequent intervals and an initial rise in 
concentration of 1-5 mg/100 ml./min observed. Subsequently (after the first 
30 min), the rate of rise of umbilical fructose was of the same order as observed 
in the other hyperglycaemic experiments. 


550 
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Sugar (mg/100 mi.) 
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fructose to mother 


Fig. 4. Sheep 728, Foetal age 143 days. ‘Recirculating’ perfusion. Effect of fructose addition to 


the maternal blood. x --~- x, Maternal blood glucose concentration; x x, maternal 
blood fructose concentration; @ - - - @, umbilical blood glucose concentration; @——®, 
umbilical blood fructose concentration. 


During the period when the maternal fructose was of the order of 500 mg/ | 


100 ml. and the maternal glucose still below 150 mg/100 ml. it would appear 
that the rise in fructose in the circulating umbilical fluid must have been due 
to the transfer of fructose across the placental barrier. Such a rate of rise of 
umbilical fructose as was observed is only about a quarter of that of umbilical 
glucose in similar experiments when maternal glucose is raised to a high level 
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and must indicate a much lower placental capacity for transfer of fructose in — 
the direction ewe to foetus than exists for glucose. | 


Through’ perfusion experiments 

The aim of the ‘through’ perfusions was to determine the uptake of glucose 
and fructose by the perfusing fluid during a single passage through the foetal 
part of the placental vascular bed. This was desirable for two main reasons: 

(a) By passing a fluid of low hexose concentration through the placenta 
under conditions of maternal hyperglycaemia the uptake of glucose by the 
fluid could be observed under conditions which obviated a large rise of glucose 
concentration on the foetal side of the placenta. Similarly, the uptake of 
fructose could be observed in a perfusing fluid in which the fructose concen- 
tration was initially zero and in which a high concentration did not develop. 

(b) Measurement of the minute to minute sugar concentrations and volumes 
of effluent enabled the total transfer of glucose or production of fructose to be 
calculated in mg/min; 

The time during which a ‘through’ perfusion of from 100 to 200 ml. /min 
was maintained was usually of the order of 10-20 min. Initially and after the 
specific period of ‘through’ perfusion the placenta was maintained in good 
condition by a perfusion of the ‘recirculating’ type. 

‘Through’ perfusion experiments were of the following groups: 

(i) Elevation of maternal blood glucose. 

(ii) Elevation of the umbilical blood glucose. 

(iti) Elevation of the maternal blood fructose. 

(iv) Effect of variable umbilical blood fructose. , 

At the commencement of a ‘through’ perfusion the effluent blood is that 
from the umbilical vessels previously supplied from the ‘recirculating’ 
reservoir and some little time is therefore necessary to allow for the washing 
out of that fluid and also for equilibration of the through perfusing fluid with 
the placental tissue. In all cases the period of ‘through’ perfusion was 10 min 
or over to allow the system to attain a steady state as far as possible. 


Elevation of maternal blood glucose - 


Fig. 5 shows the course of an experiment in ‘two 
were carried out. Period A represents the initial ‘recirculating’ perfusion, 
period B the first ‘through’ perfusion with plasma of low glucose concentration 
while the maternal glucose concentration remained at resting levels (mean of 
88 mg/100 ml.). During period ©, the ‘recirculating’ perfusion was re- 
established while the maternal blood glucose was raised by a slow infusion of 
5 g/100 ml. glucose solution. A second ‘through’ perfusion was carried out 
during period D while the maternal blood glucose concentration was main- 
tained at a high mean value of 670 mg/100 ml. 
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a ' Run 1. Mean maternal Run 2. Mean maternal 
blood glucose, 88 mg/100 mi oe blood glucose, 670 mg/100 mi. 


Placental sugar (mg/100 mi.) 
3 
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rertusate glucose 
Slow infusion into 
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Fig. 5. Sheep 663. Foetal age 119 days. Sugar concentration in maternal blood and in umbilical 
perfusing plasma effluent during two periods of ‘through’ perfusion, one (B) at a normal 
maternal blood glucose level of 88 mg/100 ml. and one (D) at high maternal blood glucose 
level of 670 mg/100 ml. The concentrations of sugars in the recirculating fluid at the beginning 
of each run are also shown. @---@, Umbilical blood glucose concentration; @——@®, 
umbilical blood fructose concentration. The two horizontal lines at 6 and 7-5 mg/100 ml. 
represent the concentrations in the perfusing plasma. See text. 


Run 2. Maternal level, 
670 mg/100 mi. 


Run 1. Maternal level, 
88 mg/100 ml. 


8 


= 
w 


Placental sugar secretion rate (mg/min) 
T 


5 
05 5 10 5 10 1S. 320 
Time (min) 


Fig. 6, Sheep 663. ‘Collection rates’ of hexoses during the ‘through’ perfusion at low and high 
maternal blood glucose.. These have been calculated from the concentrations shown in 


Fig. 5, together with the rates of perfusion by a method described in the text. - - -, Umbilical 
glucose collection rate, mg/min; ——, umbilical fructose collection 1ate, mg/min. 
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The glucose and fructose added to the perfusate in passing through the 
placenta were calculated from the relation 


Quantity of sugar added to perfusate (mg/min) = A a C1) | 


where V =volume of effluent (ml./min), C,=concentration of sugar in effluent 
(mg/100 ml.), C,=concentration of sugar in perfusate (mg/100 ml.). 

It is considered justifiable to assume, as has been done here, that the 
effluent from the umbilical vessels of the placenta is equal in volume to the 
perfusate entering these vessels. 

This addition of sugar to the perfusate as it passes through the umbilical 
vessels of the placenta will in future be referred to as ‘collection’ of sugar by 
the perfusate. | 
The results for the ‘through’ perfusions in sheep 663 (Fig. 5) are shown in 
Fig. 6. The results of two further experiments of this type, sheep 642 and 
sheep 753, are summarized in Figs. 7 and 8. 


shape. The quantities of sugar collected during the consecutive 2 min sample 
periods all tend to progress at/a lesser or greater rate towards a constant value 
giving asymptotic ¢ -This progressive change occurs during the period in 
which the mixing of perfusate with placental product is occurring. The con- — 
stant value represents the collection rate when equilibrium has been reached. 
In these perfusions, collections of about 60-70 mg of glucose/min were made 
under conditions of maternal hyperglycaemia, a value which compares with 
the maternal—foetal flux measured with 14C-glucose during maternal hyper- 
glycaemia (Alexander e¢ al. 1955). 

A surprising feature of the results was that the collection of fructose 
remained remarkably constant in the perfusions of each sheep, suggesting 
that hyperglycaemia does not result in an increased rate of fructose synthesis. 


Elevation of umbilical blood glucose 

In these experiments the glucose in the perfusate of the ‘through’ perfusion 
was low for a control run and was then raised to between 300 and 400 mg/ 
100 ml. for a second experimental run. The results of one such experiment 
(sheep 702) are shown in Fig. 9. 

The control run showed the same features as the controls of the previous 
experiment but during the experimental run the perfusing fluid lost about 
100 mg of glucose/min. This was accompanied by a rise in the maternal blood 
glucose and is evidence of the rapid back transfer which occurs when the con- 
centration on the foetal side of the placenta exceeds that of the maternal blood. 
The collections of fructose were again not appreciably affected by the 
hyperglycaemia of the umbilical circulation. 


The curves showing these collection rates all have the same characteristic 
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100 Run 1. Maternal glucose, Run 2. Maternal glucose, 
70 mg/100 mi. 670 mg/100 mi. 


3 


Placental sugar secretion or collection rate (mg/min.) 


Minutes from start 
Fig. 7. Sheep 642. Foetal age 113 days. ‘Collection’ rates of hexoses during the ‘through’ 
perfusion at low and high maternal blood glucose. - - - -, Umbilical glucose collection rate, 
mg/min; ——, umbilical fructose collection rate, mg/min. 


40 


Maternal glucose, Maternal glucose, 
35 62.mg/100 ml. 330 mg/100 mI. 


r=} 


collection rate (mg/min) 


Placental secretion or umbilical 


0 5 10 15 5 10 15 

Time (min) 
Fig. 8. Sheep 753. Foetal age 102 days. ‘Collection’ rates of hexoses during the ‘through’ 
perfusion at low and high maternal blood glucose. - - - -, Umbilical glucose collection rate, 
mg/min; ——, umbilical fructose collection rate, mg/min. 
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60 
50 
aol 
20 
Gain 
yee 0 5 7.35 25 30 35 
> ; Perfusate glucose, Perfusate glucose, 
90 Loss 
100 mes 
Fig. 9. Sheep 702. Foetal age 123 days. Hexose ‘collection’ rates at low and high levels of _ 
glucose in the umbilical perfusate (1 mg and 320 mg/100 ml, respectively), °+--- , Umbilical 


glucose collection rate; ——, umbilical fructose collection rate; x --- x, maternal blood 
glucose concentration. 


Elevation of maternal blood fructose 

In ‘through’ perfusions during a period when the maternal blood fructose 
had been raised to about 600 mg/100 ml. the collection of fructose/min was 
not raised relative to the control run. This was shown in sheep 714 in which 
the perfusing fluid was plasma containing fructose (0-61 mg/100 ml.) and 
glucose (40 mg/100 ml.). In the first run the maternal fructose level was 
1-4 mg/100 ml. and in the second run 593 mg/100 ml. Each run lasted 16 min. 
The collection rates in mg/min for fructose flattened out to 4:4-5-1 and 
4-5-5-2 respectively at the end of the 16 min collecting periods. 
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_ Experiments by the two methods of perfusing the placenta through the 


umbilical blood without regard to the mechanism of transfer. 
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DISCUSSION 


umbilical circulation, which have been described, throw light on different 
aspects of this problem. In the ‘recirculating’ experiments the attainment of 
equilibria for the hexoses between the maternal and umbilical circulations has 
been studied. The ‘through’ perfusions, on the other hand, have indicated the 
rate of production of the fructose and the rate of collection of sugars in the 


In showing that: maternal hyperglycaemia produces umbilical hyper- 
glycaemia and hyperfructosaemia in ‘recirculating’ perfusion of the placenta 
with foetus detached, the experiments have confirmed the observations of 
Huggett et al. (1951) usmg the normal preparation with the foetus intact. 
The hyperfructosaemia accompanying umbilical hyperglycaemia might result 
from either increased fructose synthesis or decreased fructose utilization and 
removal. When the minute by minute production of fructose is estimated, 
however, it is found that hyperglycaemia, produced primarily either in the 
maternal or foetal circulation, has:no apparent. effect:in stimulating fructose 
synthesis. The minute fructose collections when blood glucose is high show no 
appreciable change over those made at the low rn glucose 
concentration. 
The second possible cause of namely frathose 
utilization in the presence of a high glucose concentration, would thus appear 
to be the major one. We have no direct evidence that the placenta uses glucose 
preferentially when supplied with glucose-fructose mixtures, but such a possi- 
bility is worth further investigation. The preferential use of glucose from 
glucose-fructose mixtures by ram” been demonstrated by 
Mann (1951). 
It must be noted that’ foetal hyperfructossemia never occurs without foetal 
(i.e. umbilical) hyperglycaemia, though it may occur without maternal hyper- 
glycaemia as: when glucose is injected into the umbilical circulation. If we 
compare sheep 712 (injection of glucose into the maternal blood) with saitiee 630 
into the foetal we get the following figures: 


(ma) (UF) 
Mean Mean Mean 
Duration maternal umbilical umbilical 
Sheep (min) (mg/100 ml.) (mg/100 ml.) (mg/100 ml.) MG rise UG rise 
71 300 120 30 0-1 0-25 
630 30 5 80 20 4-0 0-25 


It is evident that the rise of umbilical fructose is more closely correlated 
with the increase of glucose in the umbilical blood rather than in the maternal 
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blood. This is what would be expected if a raised concentration of glucose 
depresses foetal fructose utilization. 

The perfusion experiments have also furnished data on the passage of sugars 
across the sheep’s placenta. High transfer fluxes for glucose of over 70 mg/min 
deduced from the results of experiments with 'C-glucose (Alexander et al. 
1955) have been confirmed by direct collections in fluids of low glucose con- 


- centrations perfused through the umbilical vessels. Equally high fluxes have 


been observed both from maternal to foetal side and in the reverse direction. 
In the ‘recirculating’ perfusions in which the glucose concentration of the 


recirculating fluid is allowed to build up the rate of collection becomes slowed 


and the concentration of glucose in the perfusing fluid approximates to a 
constant value long before the foetal concentration has approached equality 
with that of the maternal concentration. Indeed, the experiments demonstrate 
the same quantitative features as the results of Huggett e al. (1951) which 
have been shown by Widdas (1951, 1952) to be inconsistent with a transfer by 
simple diffusion. The interpretation of the present data becomes less difficult 
since the possibility of foetal utilization is eliminated. _. 

In regard to fructose passage across the placenta the evidence is inconclu- 
sive. In sheep 728, Fig. 4, there was observed during the peak period of 
maternal hyperfructosaemia an accumulation of fructose in the recirculating 
fluid at a rate faster than is observed with maternal hyperglycaemia. This 
result suggests a direct transfer of fructose. In the ‘through’ perfusion experi- 
ments where collections of fructose minute by minute were calculated no — 
appreciable increase of fructose on the foetal side of the placenta was observed 
to accompany maternal hyperfructosaemia. 

The interplay of effects of sugar transfer and fructose synthesin combines to 
make quantitative analysis of fructose transfers uncertain. If one may: take 
an analogy from the type of transfer observed in the erythrocyte, considering 
either the erythrocyte of a human adult (LeFevre & Davies, 1951) or foetal 
sheep erythrocyte (Widdas, 1953), it is found that the ketose sugars use the 
same transfer mechanism as glucose but have a much lower affinity for the 
carrier system than has glucose. Consequently, the presence of glucose has an 
inhibitory effect on the passage of fructose by competing for the ‘carrier’ 
system. We have no evidence that the transfer mechanism of the erythrocyte 


and the placenta are the same, but similar principles are likely to apply in any 


system in which membrane penetration is dependent on se or similar 
processes (Rosenberg & Wilbrandt, 1952). 

- According to the evidence of the present experiments and of those cf 
Huggett el al. (1951) the placenta has little or no permeability to fructose under 
normal conditions so that the fructose produced is largely retained in the 
foetal part of the placental circulation. In consequence of the continued pro- 
duction of fructose even at physiological glucose levels its concentration may 
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be presumed to rise or fall to a steady level at which its rate of removal or 
utilization is exactly balanced by the rate of production. By artificially 
raising or lowering the fructose concentration in the umbilical circulation it has 
been possible to observe this process. If one assumes the utilization of glucose 
and fructose to be in a competitive manner such that a raised glucose concen- 
tration lowers the fructose utilization it is possible to visualize the dynamic 
nature of the fructose concentration in the foetal blood of the sheep. 

Little is known of the chemistry of the carrier system postulated by Widdas 
(1952). It is possible, however, to apply to the present problem a hypothesis 
derived from the current views of Meyerhof, or Embden and of Cori concerning 
certain aspects of carbohydrate metabolism in muscle and liver: the transfer 
across the sheep placenta may be visualized as a series of chain reactions in 
which the sugars are involved. In the instance of fructose, since free sugar is 
liberated it is possible that a fructose phosphatase is a necessary enzyme. 
Mann & Lutwak-Mann (195la,b) have shown that free fructose in seminal 


_ fluid is due to a fructose-6-phosphatase in the seminal vesicles, On the other 


hand, Ainsworth, Parr & Warren (1951), pursuing the original work of 
Huggett et al. (1951), found alkaline fructose-6-phosphatase in sheep placenta 
in concentrations of 0-8-0-9 unit/g which in this respect compared unfavourably 


' with 5-5-6-0 unit/g for the rabbit, a species in which there is no fructose in 


foetal blood (Huggett, 1929). Without going further into the matter here it is 
possible to see alternative ways of adaptation of the current views to this 
problem. 

It is noteworthy that mammals can be divided into two classes according 
to the carbohydrate in the foetal blood or placenta. Ungulates for instance 
have fructose and glucose in the foetal blood but little or no glycogen in the 
placenta, glycogen in the sheep placenta being of the order of 0-03 % (Huggett, 
unpublished observations). The rabbit has 3-4°% of glycogen in its placenta 


but no fructose in the foetal blood (Huggett, 1929). The two carbohydrates _ 


would seem to be mutually exclusive or may possibly be two alternative 
terminations to otherwise similar metabolic processes. 

Apart from the ungulates the whale would appear to be the only other 
mammal in which the foetal blood fructose concentration exceeds the glucose 
concentration (Goodwin, 1954). There is no evidence of fructose being formed 
in human foetal blood or in that of the foetal rhesus monkey when experi- 
mental foetal hyperglycaemia is produced (Huggett, unpublished observations). 

it is not clear what part the fructose plays in the blood of the sheep foetus. 
Barcroft (1946) thought it was inert and served in the foetal blood to maintain 
osmotic pressure. Owing to its continuous production and the permeability 


properties which maintain it on the foetal side of the placenta it will exert an — 


osmotic pressure tending to draw water from the maternal to the foetal side. 
There is, however, evidence of its utilization or removal and it cannot be 
25 PHYSIO. CXXIX 
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regarded as inert. The same properties of synthesis and permeability ensure 
that a sugar exists in the foetal circulation at a reasonable concentration even 
though the maternal glucose concentration may (in this species) be very low. 
This action of the fructose mechanism, first adumbrated. by Winterton (1949), 
has been more fully developed by Goodwin (1954) who has contrasted. the low 
maternal blood glucose concentrations in the sheep with the values found in 
non-ruminants. _ low value is en observed during times of ‘poor 
pasturage. 

‘The presence of foetal fructose, in the sinees circumstances, may play a 
part in the survival of the developing foetus particularly if the rate of fructose 
production is continuous and unaffected by glucose concentration. Our experi- 
ments have shown that fructose production does not require a raised blood 
glucose and that it proceeds at a constant rate over the range of concen- 
trations studied. It has not been possible to measure the rate of fructose 
production at zero glucose concentration in the umbilical blood or to test 
whether fructose can be formed from sources other than glucose. 


SUMMARY 


1. Two types of perfusion experiments are described which have been used 
to study the rate of production of fructose by, and the rate of Faasage of 
glucose across, the placenta in the sheep. 

2. The results confirm the evidence previously reported (Alexander et al. 
1955) that fructose is continuously produced by the placenta and is not 
dependent on a raised foetal blood glucose. The experiments go further and 
suggest that in a given sheep the rate of fructose production i is constant and 
independent of the glucose concentration in both maternal and foetal bloods. 
- 3. Under conditions where the glucose concentration at one side of the 
placental barrier is kept low, high rates of glucose transfer (over 70 mg/min) 
have been demonstrated confirming the values for rates of transfer of glucose 
through this barrier deduced from experiments with the “C-labelled sugar. 

_ 4, The factors involved in the dynamic equilibrium determining the con- 
centration of fructose in the blood of the foetal sheep and the possible role of 
this sugar in its physiology are discussed. 

We wish to acknowledge grants from the Medical and Agricultural Research Councils, and to 
express our thanks to Mr Richard Phillips of University College, Aberystwyth, and the staff of 
British Railways for their co-operation. We are also indebted to Prof. A. C, Frazer of the Depart- _ 


ment of Pharmacology of the University of Birmingham for kindly lending us the Henry-Jouvclet 
pump. 
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THE RELEASE OF AN INHIBITORY SUBSTANCE 
FROM MAMMALIAN BRAIN, AND ITS EFFECT 
ON PERIPHERAL SYNAPTIC TRANSMISSION 
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Florey (1954) has shown that the brain and spinal cord of mammals contains 
an extractable substance which in low concentrations exerts a peripheral 
inhibitory effect in crustaceans: it blocks neuromuscular transmission and 
slows the neurogenic heart-beat. It also inhibits the spontaneous contractions 
of the isolated intestine, and inhibits impulse generation in the sensory 
neurones of the stretch receptors. In both the crayfish intestine and the 
stretch receptors it antagonizes the actions of acetylcholine. | 
The inhibitory substance which is obtained from brain is dialysable, 
thermostable and is active only at a pH below 7. Application of a solution 
containing the substance at a pH greater than 7 to the stretch receptor, for 
example, results usually in a slight increase in the spontaneous discharge rate 
—inhibition is never observed. The action of the substance can be dissociated 
from the actions of potassium, acetylcholine, choline, substance P, adrenaline, 
noradrenaline, 5-hydroxytryptamine (serotonin), and histamine, all of which 
might be present in a crude dialysate of brain. | 
In the present experiments the effects of the substance on mammalian 
synapses have been investigated. The results which have been obtained are 
consistent with the hypothesis that the substance may represent an inhibitory 
transmitter in brain. 


METHODS 


Preparation of the inhibitory factor 
the of the inhibitory factor on peripheral synaptic transmission, 
we have used a water dialysate of boiled beef brain, or, more frequently, a purified preparation of 
the factor. The general method of purification, which will be discussed in greater detail elsewhere, 


* Aided by a grant to Dr K. A. C. Elliott from the Banting Research Foundation. 
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was as follows: 1 kg of fresh beef brain was chopped and dropped into 1 1. of boiling distilled water: 


After 10 min boiling, the mixture was passed through a mincer, and the resulting paste was 
dialysed in narrow cellophane tubing against 6 1. of distilled water at 4°C. After 48 hr dialysis 
the dialysate was concentrated in vacuo at a temperature not exceeding 50° C, to a volume of 
c. 80 ml. After treatment with charcoal, 20 ml. of 20% perchloric acid was added to the nearly 
colourless filtrate. This resulted in a precipitation of K and NH, ions. After adjusting the pH to 
2-5, the filtrate was mixed with 1 1. of absolute ethanol, and the copious precipitate discarded. 
Aliquots of the ethanolic solution were added to tenfold volumes of ether, the precipitate again 
discarded and the inhibitory factor recovered from the ether by extraction with small volumes 
of water. It was found that the inhibitory factor is more stable in the ethanolic solution than in 
water, so that the final extraction with ether was only performed immediately before each 
experiment, The final watery solutions obtained had an activity about 100 times that of the 
dialysate and six times that of the original brain tissue. For convenience in expressing the con- 
centration of inhibitory solutions used in these experiments, we have employed the term ‘ brain- 

equivalents/ml.’, the original brain containing 1 brain-equivalent (B.2.) per g of fresh tissue. In 
our most purified preparations 1 B.z. mg of dry material. 


Control of activity 

The activity of the inhibitory solutions was controlled with the aid of the crayfish stretch 
receptor preparation described by Wiersma, Furshpan & Florey (1953). If a moderate amount of 
stretch is maintained on the muscle fibres, the discharge of the slow adapting sensory neurone 
remains constant under constant conditions over a long period of time, and changes in the 
activity of the neurone are reflected in changes of the impulse frequency. The methods of dis- 
section, recording and application of samples were similar to those described earlier (Florey, 1954). 
The preparation was bathed with van Harreveld’s (1936) crayfish solution, and all samples were 
made isotonic to this before application to the stretch receptor. Since the inhibitory factor is only 
active at a pH below 7, bicarbonate was omitted from the solution, and the pH was adjusted 
to 6-4-6-8. The nerve impulses were led off through an a.c. amplifier, monitored with an oscillo- 
scope, and counted over measured time intervals with an electronic counter (Berkely model 410). 


Mammalian preparations 


Collection of brain exudate. These experiments were performed on cats under Dial (5, 6-diallyl- 
_ barbituric acid) anaesthesia. A trephine hole was made in the skull overlying one cerebral hemi- 


sphere, and a small irrigation chamber was screwed into the opening (Elliott & Jasper, 1949). 
The chamber consisted of a dural cylinder of 13 mm inside diameter threaded at the base so that 
it could be screwed tightly into the hole. The dura below the chamber was opened, and 1 ml. of 
an unbuffered saline solution (previously saturated with O,) was placed in the chamber. The 
saline solution had the following composition (in m-mole/l.): Na 146, K 3-7, Ca 1-3, Mg 1-0, 
Cl 152-3, SO, 1-0, glucose 12. At intervals samples of the solution were withdrawn, made isotonic 
to crayfish solution, and tested on the stretch receptor preparation. 

Superior cervical ganglion. The ganglion was perfused in cats under Dial anaesthesia by way of 
the common carotid artery, after ligation of the lingual and external carotid arteries, and of the 
internal carotid caudal to the point at which the ganglionic artery leaves it. The cervical pre- 
ganglionic trunk was prepared for stimulation, and records of the contraction of the nictitating 
membrane were made with a smoked-drum kymograph. The preganglionic nerve was maximally 
stimulated at a frequency of 10/sec over a period of 5 sec. The perfusion fluid was saline solution 
buffered with 10 m-mole phosphate to pH 6-35, and was saturated with O,. It was maintained at 
a temperature of 37° C. 

Stellate ganglion. Transmission in this ganglion in the cat was investigated in vitro by the 
technique described by Brown & Pascoe (1952). The cats were anaesthetized with Dial, artificial 
respiration begun, and portions of the first three ribs on the left side removed to allow access to 
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the ganglion. Lengths of the thoracic preganglionic trunk, of the vertebral branch of the main 
post-ganglionic trunk, and of the inferior cardiac nerve were dissected free and excised together 
with the ganglion. The preganglionic trunk was maximally stimulated at a rate of 2/3 sec, the 
pulse duration was 0-5 msec, The recording electrodes were placed either on the cardiac nerve or 
on the vertebral branch. Samples of the inhibitory solution were applied by soaking the whole 
preparation in the sample. The bathing solution was withdrawn during the actual recording. 
Inferior mesenteric ganglia, The inferior mesenteric ganglion of the rabbit was examined in vitro, 
according to the method of Brown & Pascoe (1952). Stimulating and recording electrodes were 
placed on the ascending mesenteric nerve, and inhibitory solutions were applied by placing a drop 
directly on the ganglion. The corresponding ganglion was studied in vivo in the cat; the pre- 
ganglionic inferior splanchnic nerve was prepared for stimulation, and recording electrodes were 
placed on the hypogastric nerve. Maximal stimuli of 1 msec duration were applied at a frequency 


of 1/sec, Injection into the ganglion was made by inserting a cannula pointing headwards into the 


inferior mesenteric artery, and at the moment of injection of samples the — aorta proximal 
to the ganglion was occluded temporarily. 

m. tibialis anterior were made during perfusion of the muscles with saline solution buffered to 
pH 6-35. The sciatic nerve was maximally stimulated. The techniques used were the same as those 
described by Brown, Dale & Feldberg (1936) —_ Brown (1938). Injection of yo a was made 
into the ne cannula, 


RESULTS 
The production of inhibitory substance by brain 
Previous experiments and those to be described in this paper suggest that the 
inhibitory factor may be the transmitter of central inhibitory neurones. The 
factor has, however, only been obtained so far from excised and boiled nervous 
tissue, and it was important to show that it is produced by living brain. An 
irrigation chamber was therefore placed in contact with the brains of cats, and 
the exudate collected and assayed for activity on the crayfish stretch receptor. 


TaBLE 1, Effect of brain exudate and extract on the spontaneous discharge 
frequency of the crayfish stretch receptor . 


Range of discharge 
frequency 
Substance applied (impulses/5 sec) 
Normal discharge rate 103-111 . 
Exudate (10 min contact with brain), dilution 1:5 61-65 
Exudate (20 min contact with brain), dilution 1:5 0-5 
Brain extract (=0-01 8.z./ml.) dilution 1:100 0 
Brain extract (=0-005 B../ml.) dilution 1:;200 42-50 


After 10 min contact, a detectable amount of inhibitor was found in the 
fluid of the chamber, and after 20 min the concentration of the substance 
amounted to as much as 0-05 B.z./ml. This value was obtained by comparing 

_the activity of the fluid witlr that of the centrifuged extract from the boiled 
and homogenized brain of the same cats. The amount of inhibitor in the 
chamber fluid seemed to reach a maximum within 20 min and no significant 
further increase was found on prolonged contact with the brain. The values 
obtained in a typical experiment are shown in Table 1. 
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In order to ensure that the inhibition of the stretch receptor discharge which 
we obtained with the chamber fluid in these experiments was not due to 
potassium or some other substance, we tested the samples first at their original 
pH of 7-2. Under these conditions no inhibition was obtained. Afterwards we 
adjusted the pH to 6-4, when inhibition as described above was observed. — 

These experiments show that the inhibitory factor is actually released by 
the living brain. That the substance is restricted to the central nervous system 
is indicated by further experiments in which centrifuged extracts of boiled and 
homogenized liver, spleen and heart muscle (and portions of the peripheral 
nervous system, see below) were tested on the stretch receptor. None of these 
extracts, even if applied in a concentration of 1:20, showed any inhibitory 
activity, although a similarly prepared. brain extract block in 
a concentration of 1:150. 


Effects on ganglia 
We were unable to obtain block of impulse transmission in the superior 
cervical ganglion of the cat. Even the injection of 6 8.x. of inhibitor into the 
artery failed to modify the response of the ganglion to preganglionic stimulati 


(Fig. 1), although the ganglion was continuously perfused with buffered saline 


solution of pH 6°35. That the perfusion fluid was reaching the ganglion was 
confirmed by the injection of 50 yg of acetylcholine, which canned a ae 


contraction of the nictitating membrane. 


In the isolated inferior mesenteric ganglion of the rabbit, one drop of 
inhibitory solution (0-013 B.z./ml.) topically applied, resulted in complete 
block of transmission within 30 sec (Fig. 2). The pH of the solution was 
5-5-6-2; if it was raised to pH 7-5 even prolonged application of the solution 
caused no diminution of the post-ganglionic response. Application of saline 
solution of pH 5-0-5-b also was without effect on the response. Normal 
transmission was restored ah pweshing the preparation for 5 min with saline 
solution (pH 6-2). 

Similar results were obtained with the inferior mesenteric ganglion of the 
cat in vivo (Fig. 3). The injection of 0-01 8.x. of inhibitory factor at a pH of 
6-5 in 0-5 ml. saline caused complete transmission block within 15 sec. The 
effect of the inhibitor in this preparation was of short duration (2 min), since 
the normal circulation to the ganglion was re-established immediately after 
injection of the substance. 

Inhibition of synaptic transmission was also obtained in the stellate ganglion 
of the cat, although rather higher concentrations of the topically applied 
inhibitory solution were needed. The preparation had to be treated for 
5-10 min with solutions of 0-3-1-0 B.z./ml. in order to establish complete 
hlock (Fig. 4). With these ganglia it was necessary to wash for some 15 min 
with saline solution in order to restore the normal response. Even during 
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Fig. 1. Responses of the cat’s nictitating membrane to successive maximal stimulations of the 
preganglionic cervical sympathetic trunk, At the first arrow 5 B.. of inhibitor was injected 
into the arterial cannula. At the second arrow 50 yg of acetylcholine chloride was injected, 
the electrical stimulus being omitted. Time line = 15 sec. 


Fig. 2. Fig. 3. 


Fig. 2. Responses recorded in the ascending mesenteric nerve from the inferior mesenteric ganglion _ 


of the rabbit in vitro. The diagram shows the arrangement of stimulating and recording 
electrodes; the polarity of the recording electrodes is such that the upward deflexion of the 
postganglionic response is negative, A, before, B, 30 sec after topical application of one drop 
of inhibitory solution, corresponding to about 1 yg of purified material. Conduction in the 


nerve is unaffected as shown by the undiminished spike, but the postganglionic response has 
been abolished. Time line = 300 msec. 


Fig. 3. Effect of the inhibitor in the inferior mesenteric ganglion of the cat in vivo. Response in 
the hypogastric nerve to preganglionic inferior splanchnic nerve stimulation. A, shortly 
| before, B, 15 sec after injection into the ganglion of 10 yg of inhibitor; ©, 2 min after restora- 
tion of normal circulation. Time line =50 msec. 
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complete block of the transmitted response, no effect of the inhibitor could be 
seen on the amplitude of the through-conducted spike. 


Fig. 4. Responses ot the stellate ganglion of the cat in vitro to stimulation of the preganglionic 
thoracic sympathetic trunk. A and B, responses led off from the inferior cardiac nerve. 
A, before, B, 5 min after topical application of 100 yg of inhibitor. C and D, responses led off 
from the postganglionic vertebral branch. C, before, D, 10 min after, topical application of 
100 yg of inhibitor. The through-conducted spike is unaffected. Time marks = 60 c/s. 


Neuromuscular transmission 


The close arterial injection of as much as 0-5 ml. of a solution containing 
5 3.E./ml. of inhibitor did not cause any diminution in the tension of the 
recorded muscle contractions produced by nerve stimulation. Control in- 
jections of acetylcholine always caused the expected contractions, which 
indicated that the injected fluid had reached the neuromuscular junctions. 
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Extraction of sympathetic ganglia and sciatic nerve — 

Extracts were prepared by homogenizing the tissues and boiling in water. 
The experiments were undertaken in an attempt to show whether those 
ganglia in which transmission block could be obtained with added inhibitor 
contained the substance, indicating the possible existence of an inhibitory 

nerve supply. None of the extracts, however, contained a detectable amount 
of the inhibitor. The highest concentration. of the extracts applied to the 
stretch receptor was 1:20; while a 1:150 extract of brain tissue caused com- 
plete block of impulse generation in this preparation. On the contrary, the 
ganglion extracts caused a pee eole excitation even at a pH below 7, 


DISCUSSION | 


The scpicteiinitad in which the inhibitory factor was allowed to diffuse foci the 
brain into an irrigation chamber show that this factor is a normal constituent 


of the central nervous system. It is too early to ascribe a definite function to | 


the inhibitor in the central nervous system, since studies now in progress on 
its effect on central synapses are not yet completed. In the present experi- 
ments with peripheral synapses, we have, however, shown that the inhibitory 


factor is capable of blocking synaptic transmission in ‘certain autonomic 


ganglia; and that in these preparations it exhibits the same dependence on pH 
which was noted in the earlier work on crustacean peripheral synapses 
(Florey, 1954). That this effect is perhaps an incidental accompaniment in the 
case of in vitro preparations is, however, indicated by the fact that in the intact 


spinal cord the inhibitor is active at all pH levels (Florey & McLennan, in 
preparation). 


In crustaceans it has been established that application of the inhibitor can 


replace the action of inhibitory neurones, but it is difficult to assume an 
analogous situation in the peripheral nervous system of vertebrates. There is 
no indication of an inhibitory nerve supply to autonomic ganglia in mammals, 
although Lorente de Né & Laporte (1950) have presented some evidence for 
the existence of inhibitory axons in the superior cervical ganglion of the turtle. 
In our experiments with extracts of sympathetic ganglia we failed to demon- 
strate the occurrence of an inhibitory substance, but this could perhaps be 
attributable to the presence of some excitatory principle (see above) in the 
tracts which might have masked the action of an inhibitory substance. 

The difference in response to the inhibitor which we have obtained in the 
different ganglia is surprising. The inferior mesenteric ganglia of the rabbit and 
cat, tested respectively in vitro and in vivo, respond to very low amounts of the 
substance (0-01 8.z./ml., or less than 1: 105), while rather larger amounts of 
inhibitor are needed to block synaptic transmission in the stellate ganglion in 
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vitro. This difference may perhaps be explained by the fact that the stellate 
ganglion of the cat is surrounded by a thick sheath of connective tissue, 
through which the topically applied substance diffuses only slowly. This 
assumption is supported by the fact that the time interval between application 
and the onset of inhibition is very much longer in the stellate ganglion than in 
the mesenteric ganglia, and that with the stellate ganglion it takes much 
longer to wash out the inhibitory effect; and by the finding that in one 


ganglion where the connective tissue capsule was carefully removed both the 


time taken for the inhibitor to act and for its effect to be washed off was 
considerably reduced (<2 min). We are at present unable to explain the total 
lack of response even to large amounts of injected inhibitor in the superior 
cervical ganglion, especially since control injections of acetylcholine always 
produced the typical effects, and it is therefore justifiable to assume that the 
injected inhibitory solution reached the ganglion cells. 

It would be interesting to know whether the inhibitor produces its effect i in 
those ganglia where it is active by preventing the liberation of acetylcholine 
at the preganglionic nerve endings, or by blocking the response of the post- 
ganglionic receptors to the acetylcholine. It is not possible at the present time 
finally to answer this point, since measurement of the output of acetylcholine 
is difficult in the mesenteric ganglia where the inhibitor is most active. We have 
never been able to obtain a response to acetylcholine in the mesenteric ganglion 
of the cat when it was injected together with the inhibitor, but the equivocal 
nature of responses even to acetylcholine alone renders this result of doubtful 
value. | 

The absence of inhibitory effects on neuromuscular transmission in mammals 
is not so surprising. There has never been any indication of an inhibitory nerve 
supply to striated muscle, and we have shown that extracts of the sciatic 
nerve contain no detectable amounts of an inhibitory factor. In crustaceans, 
where the leg muscles do receive an inhibitory nerve supply, the inhibitor 
blocks neuromuscular transmission without impairing the ‘end-plate poten- 
tials’ (Florey, 1954; and unpublished results). 

Whatever might be the reason for the failure to obtain inhibition in the 
superior cervical ganglion of the cat, the facts remain that an inhibitory factor 
obtained from mammalian central nervous system is able to block ganglionic 
synaptic transmission; and that this inhibitor affects specifically the synaptic 
structures of the neurones involved, since the conducted impulses are not 
impaired. We believe that our findings add some more support to the assump- 
tion that the inhibitory factor present in and extractable from mammalian 
brain might be the inhibitory transmitter which has been — by many 
workers. 
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SUMMARY 


1. An inhibitory factor, which can be extracted from mammalian brain and 
partially purified, has been tested for its effect on transmission in sympathetic 
ganglia of cats and rabbits, and on neuromuscular transmission in cats. 

2. Transmission block could be established with low concentrations of the 
inhibitor in the inferior mesenteric ganglion and the stellate ganglion. No 
effect could be obtained in the superior cervical ganglion. Neuromuscular 
transmission (m. gastrocnemius and m. tibialis anterior) was also unaffected. 

3. It could be demonstrated that the inhibitory factor is produced by the 
living brain. No inhibitory activity could be detected in extracts of liver, 
spleen, heart muscle, sympathetic ganglia, or sciatic nerve. 


We are indebted to Dr K. A. C. Elliott for his continued interest and encouragement, and to 


Dr H. H. Jasper for his kind co-operation in making available much necessary equipment. We 
wish also to thank Prof. G. L. Brown for reading the manuscript. 
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THE IMMEDIATE METABOLIC EFFECTS OF BREATHING 
CARBON DIOXIDE MIXTURES* 


By R. J. SHEPHARD 


From the Cardiac Department and the Physiology Department, 
Guy’s Hospital, 1 


(Received 22 February 1955) 


The first quantitative measurements of the effect of carbon dioxide on the 
level of metabolism were made by Loewy as long ago as 1891; he concluded 
that there was an increased oxygen consumption that could be related to the 
mechanical work of hyperventilation, each litre of additional ventilation being 
_associated with the consumption of about 2 ml. of oxygen. Similar experi- 
ments have been carried out on a number of subsequent occasions, but these 
have served mainly to emphasize the accuracy of Loewy’s original observa- 
tions. Values obtained by the different authors are summarized in Table 1. 


TasBLE 1. Previous estimates of oxygen consumption involved in respiratory 
work (ml. oxygen stPD/min/1. extra-ventilation) 


_ Carbon Voluntary 
dioxide Voluntary with 
hyper- hyper- constant CO, 
Author ventilation ventilation tension 
Loewy (1891) 20 5-0 bas 
Campbell, Douglas, Haldane & Hobson (1913) c. 4:0 —_ — 

Liljestrand (1918) 0-3-0-7 2-4-7-6 
Grollman (1930) 1-4 1-8 1 
Herxheimer & Kost (1931) §-2-6-1 15-6-17-9 — 
Benzinger & Hartmann (1937) 2-1 8-9 _- 
Nielsen (1936) | 0-5 
Michaelis & Miiller (1942) 0-6-2-5 2-0-4:0 
Miller, Michaelis & Miiller (1942) 1-6-3-1 


It would appear that all existing measurements of the metabolic effects of 
carbon dioxide mixtures have been made after the achievement of a fairly 
stable level of hyperventilation. This simplifies calculations since it avoids 
difficulties caused by a changing oxygen content of the apparatus and body 
tissues. However, the initial neglected minutes are of considerable practical 
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and theoretical interest, and it was therefore decided to re-examine the 
problem with particular reference to the period of developing hyperpnoea. 
This involved, in turn, a careful assessment of changes in the body stores of 
oxygen associated with a moderate hyperventilation, following upon breathing 
mixtures of carbon dioxide in air. 

The magnitude of the early changes in metabolism has been established by 


repeated observations on a small group of normal subjects, and the possibility 


of explaining these changes in terms of respiratory work and other factors is 
considered. 

METHODS 

Subdivisions of lung volume 

The standard nomenclature proposed by Pappenheimer (1950) has been adopted. A continuous 
spirometer record was used to estimate the inspiratory and expiratory reserve and the tidal air. 
The total vital capacity was also measured independently as a maximum expiration after a forced 
inspiration. The residual volume was measured by the simple oxygen dilution method of Peters & 
Van Slyke (1932). 

A chest stethograph was used to assess changes in the expiratory position of the chest. No 
experimental observations were made until the tracing had maintained a steady level for‘at least 
1 min. The instrument was calibrated on each occasion by instructing the subject to breathe at 
varying depths into a spirometer circuit, The relationship of stethograph deflexion to tidal 
volume deviated somewhat from a simple linear function, particularly in the female subject 
8.8. (Fig. 1), and to overcome this difficulty the deflexions in a given experiment were — 
with sake of similar magnitude obtained during the initial saniensicamal 


Other reapiratory measurements 

Measurements of oxygen consumption were made by means of one inspiratory and one expira- 
tory Douglas bag. The total oxygen content of each bag was determined before and after observa- 
tions by means of a water-sealed gasmeter and Haldane gas-analysis apparatus, correcting for 
diffusion and meter errors as described previously (Shephard, 1955a), Small corrections were also 
needed for oxygen usage during the filling of the inspiratory dead space with the carbon dioxide 
mixture, and for changes in the oxygen content of the dead space during the course of the experi- 
ment, The resistance of the valves may rise with increasing rates of ventilation, but Nielsen (1936) 
has shown that if low resistance valves are used, the curve relating resistance to speed of airflow 
is almost flat, and the error from changes of resistance is then unimportant. The Rosling valves 
used in the present experiments operated at a pressure of 4-5 mm water, and were therefore 
fairly satisfactory in this respect. 

Alveolar samples were collected with the subject wearing a B. L.B. mask. Gas flow was inter- 
rupted at the peak of a normal inspiration, and an alveolar sample was collected immediately by 
the classical Haldane-Priestley technique. With compressed air supplied at a rate of 9-10 1./min, 
the mask alveolar samples corresponded closely in composition with samples obtained during the 
breathing of atmospheric air (Shephard, 1954a). During the hypercapnia observations, a cylinder 
mixture of 5% carbon dioxide in air was supplied at the same rate. This seemed adequate for 
2-3 min, but after this time there was some tendency to rebreathing and leakage around the 
mask, 

Catheterization measurements 

A number of measurements relating to cardiac function were obtained on a group of con- 
genital heart patients during the course of cardiac catheterization. The only factor influencing 
the selection of these cases was the degree of co-operation shown during the initial diagnostic pro- 
cedures. The changes in cardiac output during the breathing of carbon dioxide mixtures have 
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been described elsewhere (Shephard; 19545). The pulse rate was obtained from continuous electro- 
manometer records of the blood pressure. In four cases with a patent ductus arteriosus, it 
proved possible’ to pass the catheter into the descending aorta and obtain a direct record of aortic 


70 


3 


Total stethograph movement denim) 


40 800 1200 1600 2000 
Tidal volume (ml. ATPs) 


Fig. 1. Relationship between stethograph movement and tidal volume. Two normal subjects. 


The main experiments consisted of repeated observations on three experienced subjects as 
detailed below: 

Height Weight Body surface 
Subject or. | ft. (Ib.) (m*) Occupation 
R.J.8. 24 1-91 Research fellow 
8.8. gad 5 3 136 1-63 Student technician 
P.S8, 31 M. 5 10 142 1-80 Student technician 


a 


RESULTS 
‘Apparent oxygen consumption’ associated with hyperventilation 
To obtain a true measure of the alterations in oxygen consumption that are 
associated with the inhalation of carbon dioxide, it is necessary to calculate 
with some accuracy the oxygen uptake that is associated with a changing 
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oxygen content of the apparatus and of the body. Changes in the apparatus 
are relatively small, and have been mentioned previously. The ‘ apparent 
oxygen consumption’ within the body comprises a considerable increase in the 
oxygen content of the lungs, and smaller changes in the blood and other 
tissues. 

Changes in the oxygen content of the lungs. To estimate i in the oxygen 
content of the lungs, it is necessary to follow both the alveolar oxygen con- 
centration and the total gas volume within the lungs during the period of 


hypercapnia. 
Subject S.S. 


Oxygen concentration in alveolar gas (%) 
> an 
Total change in oxygen content of gas in lungs (mil. sTPO) 


Subject R.J.S. 


17+ 


8 


Total change in oxygen content of gas in lungs (ml. stPD) 


5 


¥ 


Time (min) Time (min) 


Fig. 2. Changes in oxygen concentration of alveolar gas and total oxygen content of lungs during 
breathing of 5% mixture of carbon dioxide in air. Two normal subjects. R.J.S., mean of 
three experiments on different days; 8.8., mean of two experiments. 


Alveolar samples were collected after periods of hypercapnia ranging from 
} to 5 min. Resting samples were obtained every hour to allow for fluctuations 
in the resting alveolar oxygen concentration, and individual test observations 
have been noted as deviations from the corresponding resting value. Finally, 
the mean resting value has been taken as a base-line, and the average devia- 
tion from this base-line has been plotted for varying periods of carbon dioxide 
inhalation (Fig. 2). The results indicate that despite the reduction of inspired 
oxygen concentration (the cylinders contained 19-6-19-7 % oxygen), there was 
little reduction in the oxygen concentration of alveolar gas even during the 
initial period of 15 sec. After 30 sec, there was a rapid rise in oxygen con- 
centration that apparently reached a maximum in about 2 min. The total 
change was of the order of 2-8% in subject R.J.S., and 2-7 % in8.8. Loeschcke 
(1949), using a continuous recording system for alveolar oxygen tension, has 
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reported a change of similar timing and magnitude during the breathing of 
a 5-48% mixture of carbon dioxide in air. During voluntary hyperventilation, 
where there is no decrease in the inspired oxygen concentration, an even larger 
change in alveolar oxygen concentration may be noted (Douglas & Haldane, 
1909; Benzinger & Hartmann, 1937). 

The lung volume of principal interest is the functional residual capacity, 
since the taps of the Douglas bags were opened and closed at the end of a 


1000 - q 
Subject 5.5. Subject R.J.S. q 
800 F a 
a 
3 
200} 
o © 
0 
—200 Normal 
expirator 
Standard error of mean 


ZA Tidal volume after 3 min 5% CO in oxygen 
[_] Resting tidal volume (breathing 100% oxygen) 


Fig. 3. Changes in chest position after breathing 5% carbon dioxide mixture for 3 min. Measure- 
ments by stethograph in two normal subjects. n, number of observations. Lines have been 
drawn arbitrarily to join the two columns. 


normal expiration. The error of the residual air estimations was probably not 
greater than 100 ml., and this would affect the ‘apparent oxygen consumption’ 
by less than 3 ml. A similar change of functional residual volume during the 
course of an experiment could produce more serious errors. A stethograph has 
been used to measure possible changes of chest position in two of the principal 
normal subjects. Both showed a large increase of inspiratory chest volume, 
and in most experiments there was also some decrease of expiratory chest 
volume, Fig. (3), the latter change developing mainly during the course 
of the first min. The expiratory change is just significant (for R.J.S., 
P=0-02-0-05; for 8.8., P=0-05). Some previous workers have shown a small 
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expiratory shift (Harris, 1944; Peyser, Sass-Korts&k & Verzér, 1950), while 
others have found no significant change (Hichenberger, 1949; Fleisch & Lehner, 
1949). It is clear that at most the change in expiratory position of the chest is 
small and variable. 

It is only permissible to take the expiratory chest position as an index of 
functional residual volume if there has been no change in the pulmonary blood 
volume. The latter quantity is difficult to measure directly, but it is now 
generally recognized that changes of vital capacity are in some degree linked 
with alterations of pulmonary blood volume (Glaser & McMichael, 1940; 
Hochrein & Keller, 1934; Mills, 19496). The vital capacity has been measured 
in two of the principal subjects after breathing a 5°/, mixture of carbon dioxide 
for periods varying from 2 to 5 min. As Mills (1949a) has emphasized, there 
is a tendency to progressive increase of vital capacity with training of the 
subject, and in order to minimize this source of error resting values were 
obtained both before and after the carbon dioxide experiments. It can be seen 
(Fig. 4) that in the female subject 8.8. there is no real response to carbon 
dioxide; at 5 min, there is a suggestion of some decrease in vital capacity, but 
this is not quite significant (P =0-1-0-05), and may merely be the expression 
of physical fatigue at the end of a period of hyperpnoea. In the male subject 
R.J.8., all values are greater than the resting level, and the observations after 
4 min of carbon dioxide inhalation show a highly significant change (P < 0-001). 
It is difficult to conceive of an artifact that would lead to an increase of vital 
capacity, and this may therefore be presumed a genuine indication of a 
decreased blood volume in the pulmonary circulation. 

It remains to calculate the magnitude of the change in oxygen content of 
alveolar gas. With a constant functional residual volume, the observed 
alteration in alveolar oxygen concentration would lead to a retention of about 
97 ml. of oxygen in R.J.8., and 60 ml. in 8.8. Changes of functional residual 
volume produce some decrease of oxygen retention, the maximum effect being 
about 17 ml. in R.J.8. and 9 ml. in subject 8.8. The expiratory shift of chest 
position in R. J.8. is later largely offset by an alteration of pulmonary blood 
volume, and in the steady state there is probably little change of functional 
residual volume. 

Changes in the oxygen content of the blood. The alteration of alveolar oxygen 
tension is relatively small, but it is sufficient to produce some change in both 
the amount of oxygen dissolved in physical solution in the blood (about 
0-055 ml./100 ml.), and also in the oxygen content of haemoglobin (about 
0-2 ml./100 ml. of blood).* Assuming a blood volume of 5 1., the total change 


* The accuracy of these small changes depends on the constancy of the alveolar-arterial oxygen 
tension gradient during the breathing of 5% carbon dioxide. Venous admixture may in fact 
produce a larger gradient at higher alveolar oxygen tensions (Cooper, Emmel, Kough & Lambert- 
sen, 1953). 
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would be approximately 13 ml., and on the basis of recent clearance figures 


this would probably be spread over at least 3 min. The effect of changes in 
carbon dioxide tension on the oxygen affinity of the haemoglobin is very slight; 
with a 5% mixture of carbon dioxide, the alveolar carbon dioxide tension rises 
by about 4 mm Hg (Shephard, 1954), and there is a corresponding decrease 
in the oxygen content of the haemoglobin of about 0-02 ml./100 ml. 


4400 
Subject R.J.S 
4200 
4000 j 
(29 Standard error of mean 
S 3600F yy, Vital capacity after breathing 
. 5% CO, for time indicated 
3 C) Resting values 
3400 
Subject S.S. 
3200 F 
3000 
c 


Fig. 4. Changes of vital capacity breathing 5% mixture of carbon dioxide in oxygen. Resting 
vital capacity measured before and after each group of observations. n, number of observations. 


Changes in the oxygen content of extracellular fluid. The amount of oxygen 
dissolving in the remaining extracellular fluid is more difficult to assess, but 
assuming a volume of 15 1. with an oxygen solubility coefficient similar to that 
for blood, this space will take up a further 8 ml. of oxygen in physical solution 
over a period of at least 10 min. 

Total correction for ‘apparent oxygen consumption’. The main factors leading 
to retention of oxygen in the body and apparatus during the period of hyper- 
cvapnia have now been described. Simple addition of these various factors at 


suitable time intervals — curves of the type illustrated in Fig. 5; these 
26-2 
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curves may then be used to calculate the true oxygen consumption from the 
observed oxygen uptake during the breathing of 5% carbon dioxide mixtures. 
The accuracy of such composite curves is not easy to assess, but a review of 
the probable error and bias of the individual measurements suggests that for 
the period 2-5 min, readings are correct to within 10 ml. in 8.8. and to within 
15 ml. in R.J.8. During the first 2 min it is possible that the error may be 
somewhat greater, and this limits the accuracy of measurements of oxygen 
consumption during this period. 


120 - Subject R.}.5- 
¢ 

S.5S. 
; Subject 

/ 

/ 

3 / 

5 

i 

= 2+ 

| 

| 
0 j 1 
1 2 3 
Time (min) 


Fig. 5. Total ‘apparent oxygen consumption’ during breathing of 5% mixture of carbon dioxide 
in air, Values obtained by summation of oxygen uptake due to changes in oxygen content of 
apparatus, lungs, blood and tissues, Two normal subjects. 


True oxygen consumption during early stages of hypercapnia 

In three normal subjects, the true oxygen consumption during the period 
of hypercapnia has been compared with the previously determined resting 
values, In almost all experiments it was noted that the oxygen consumption 
during hypercapnia was greater than the expected resting value for a cor- 
responding period of time. The results are summarized in Table 2. 

Many of the observations covered a relatively short period of time, and the 
special precautions necessary when using the Douglas bag in these circum- 
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stances have been discussed elsewhere (Shephard, 1954a, 1955a). Even with 
these precautions, the accuracy may be somewhat less than at longer time 
intervals, but if the number of observations is adequate no systematic error 
should arise from the reduced accuracy of individual values. 


TaBLE 2. Statistical analysis of oxygen consumption during first 5 min 
of breathing 5% carbon dioxide in air 
Subject... 7 R.J.8. 8.8. P.S: 


No. of observations 69 50 10 

Slope of true observed oxygen consumption  330+17 238 +15 261 +.80 
line, with s.£, (ml./min stPD) 

Slope of oxygen consumption line, 30145 2474-10 250 

with (ml./min sTPp) 

Zero intercept, with s.z. 7a oxygen STPD) 55+44 128+46 26 

Mean duration of expts. (min) 2-24 2-76 2-39 

Total oxygen consumption at mean time, 794+ 22 . 786+20 649 +67 
with 8.8. (ml. oxygen STPD) 

Resting oxygen consumption for 672413 681 + 26 598 
corresponding time, with s.x. 
oxygen STPD) 

Significance of difference P <0-001 P =0-001-0-01 


Statistical analysis. For each subject, a regression line may be fitted to the data by the method 
of least squares, taking the total true oxygen consumption as the dependent variable. It can be 
seen (Table 2) that for two of the three subjects the slope of this line is close to the resting value; 
in R.J.8. the slope may be slightly increased, but even in this subject the difference does not reach 
the 5% level of significance. However, in all three subjects the total oxygen consumption at the 
mean time is greater than the resting oxygen consumption for a corresponding period of time. 
Further, if the regression is extrapolated to zero time, there is a positive intercept on the y axis 
in all three cases; the significance of this intercept has been assessed in the manner suggested by 
Mather (1949), and it can be seen that particularly in 8.8. this intercept is most unlikely to be a 
chance finding. 

The number of observations during the first min is rather limited, and extrapolation to less than 
1 min is probably not justified, but it would appear that there is some factor producing an increase 
of oxygen consumption during the first min, and et thereafter the metabolic effects of carbon 
dioxide are slight. 


It is possible that part of the early increase in oxygen consumption may me 
due to technical factors, particularly incomplete estimation of the ‘apparent 
oxygen consumption’. However, it seems unlikely that errors of this type will 
be anywhere in the region of 50-100 ml., and it is therefore necessary to con- 
sider other explanations for this early rise of oxygen consumption. 

The influence of higher centres. The carbon dioxide mixtures have a charac- 
teristic odour that is readily recognized by experienced subjects, and it may 
be that detection of this odour produces transient restlessness and emotional 
excitement. Schafer (19496) found some evidence of alterations in the elec- 
trical activity of both cortical and lower centres, particularly during the first 
2 min of hypercapnia. There is also the possibility of a sudden rise in oxygen 
consumption through the outpouring of adrenaline (Schafer, 19494). However, 
if these changes in electrical and hormonal activity are of metabolic signifi- 
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cance, there should be simpler evidence of an altered state, such as a change 
in pulse rate. In two normal subjects, carbon dioxide produced no clear 
change of pulse rate in the sitting position, but in the lying position there was 
a suggestion of some increase (Fig. 6). A further sixteen observations on 
consecutive cases submitted for cardiac catheterization showed that even in 
the lying position the change was of doubtful significance ( + 4-7 %,8.E. + 2-5%). 
A small change that does not occur in some body positions is difficult to accept 

as emotional, and is more likely to be caused by the mechanical effect of 
hyperventilation on pulmonary blood flow. 


Subject R. J. S. (sitting) 

5% CO; in air 

1 2 3 6 

i 

& 85 

be 

80 5% CO, in air 

1 2 3 4 5 6 

90 - Time (min) 

Subject R.J.S. (lying) 

: 5% CO) in air 

1 2 4 5 6 

c me (min 

& 85} 

Subject S.S. (lying) 

5% CO, in air 

1 2 3 4 5” 6 

Time (min) 


Fig. 6. Pulse rate during breathing of 5% mixture of carbon dioxide in air. Average of observations 
on each of two normal subjects in (a) sitting, and (b) lying positions. 
_ The effect of changes in pulmonary blood volume. Alterations in the pulmo- 
nary circulation may contribute to the early increase of oxygen consump- 
tion. Armitage & Arnott (1949) noted that at the beginning of a period of 
voluntary hyperventilation there was an oxygen uptake amounting in their 
experiments to about 50 ml. This they attributed to the aspiration of venous 
blood into the lungs during the first deep inspirations. However, there is some 
evidence that voluntary hyperventilation actually decreases the volume of 


+ 
© 
4% 
ft: 
3 
2 
“3 
4 
aq 
x 
iz 
a4 


METABOLIC EFFECTS OF CARBON DIOXIDE 403 


blood in the lungs (Asmussen, Christensen & Sjéstrand, 1939), and in the 
present experiments one of the two normal subjects showed a similar slight 
decrease in pulmonary blood volume during hypercapnic hyperventilation. 
It is also possible that the blood stored in the lungs during the resting state is 
not fully oxygenated, and this oxygen deficit may be made good during the 
first deep breaths that drive the blood back into active circulation. However, 
it seems unlikely that either the oxygen deficit or the amount of blood involved 
will be sufficient to produce an oxygen uptake of 50-100 ml. : 


The effect of changes in cardiac output. Perhaps the most probable explana- ~~ 


tion of the sudden oxygen uptake is an increase of cardiac output. It is 
difficult to apply the Fick principle to the measurement of output until a new 
steady level has been reached, but observations at cardiac catheterization have 
suggested that a 5%, mixture‘of carbon dioxide in air produces an increase of 
some 14% in cardiac output over a period of 3 min (Shephard, 19546). The 
present findings of a slight increase in pulse rate, and a normal or slightly 
increased systemic blood pressure in the face of peripheral vasodilatation 
(Table 3) are again in keeping with a moderate increase of cardiac output. 


TaBLE 3. Effect of 5% carbon dioxide in air on pulse rate and 
aortic pressure. Four cases of patent ductus arteriosus 


Resting aortic Aortic pressure 


: Age . Resting pulse Pulse after pressure after 3 min CO, ° 
Case Sex (yr) saan 3minCO,/min (mm Hg) (mm Hg) , 
1 es 12 135 147 128/74 138/80 
2 F. 45 81 84 132/54 144/58 
3 M. 8 83 78 121/72 122/73 
4 F 26 75 73 95/50 92/54 


A 14% increase of blood flow would produce an oxygen uptake of some : 


40 ml. due to the arterialization of an additional volume of venous blood. 
There would also be an increase of cardiac metabolism, particularly as there 
is some increase in mean aortic pressure. The present experiments are in 
keeping with a total increase in cardiac work of some 25%, and on the basis 
of recent data for the human heart (Gregg, 1950) the additional metabolic cost 
of this work will be about 6-8 ml./min, amounting over the 5 min period to 
30-40 ml. 

The metabolic cost of additional respiratory work. From the above analysis, 
it might seem that quite a small proportion of the increase in metabolism 
during the first 5 min of hypercapnia remains to be attributed to the mechani- 
cal work of hyperventilation. On the other hand, earlier observations on 
subjects in a steady state of hyperventilation suggested an oxygen consump- 
tion of about 1-2 ml./l. of extra-ventilation. However, this latter figure must 
include also the associated increase in cardiac work. Further, well-marked 
hyperventilation only occurred during the last 4 min of the present experiments 
(Fig. 7), and since a steady level of oxygen usage takes several minutes to 
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develop in skeletal muscle (Berg, 1947), perhaps as much as a quarter of this 
oxygen usage would be registered as a tissue oxygen debt during the initial 
5 min period. Ignoring the complication of tissue oxygen debts, and calculating 
the metabolic cost of additional cardiac and respiratory work as 1-2 ml./]. 
of extra-ventilation, the values obtained for the first 5 min period are: 

8.8. 


43 ml. §4 ml. 
60 
Subject R. J. S. 
. 
50 / 
40} 
= 
a 
> 4 
of 
10+ 
0 1 2 3 4 5 


Time (min) 


Fig. 7. Total extra-ventilation during breathing of 5% mixture of carbon dioxide in air. Similar 
results obtained in fifty observations on subject 8.S., and ten observations on subject P.S. 


DISCUSSION 


Can the change of oxygen consumption produced by breathing carbon 
dioxide mixtures be attributed purely to additional respiratory work? A num- 
ber of previous investigators assumed that in the steady state it could, and 
they were concerned primarily with measuring the cost of this work. However, 
it was found that where the level of respiration was varied by other means, 
such as voluntary hyperventilation or the administration of drugs, much 
larger changes of metabolism resulted. This discrepancy can be explained in 
several ways. Some workers (Herxheimer & Kost, 1932; Michaelis & Miiller, 
1942) have suggested that carbon dioxide produces a decrease of general 
metabolic activity. However, their evidence is not very convincing, and the 
effect suggested (3-5-10-0 ml./min/mm fall of carbon dioxide tension) seems 
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highly improbable. Nielsen (1936) has offered the more reasonable suggestion 
‘that fixation of the thoracic cage during muscular work and vigorous voluntary 


hyperventilation can alter the mechanical pattern of hyperventilation, bringing 
about a greater increase of oxygen consumption per unit of hyperventilation. 
Another factor during voluntary hyperventilation is almost certainly hypo- 
capnia. Benzinger & Hartmann (1937) have pointed out that the discrepancy 
is not gross unless voluntary hyperventilation is prolonged. As Liljestrand 
(1918) earlier emphasized, it is difficult to obtain a reliable estimate of the 


TaBLE 4,. Factors contributing to the change in oxygen consumption 
during the breathing of a 5% mixture of carbon dioxide in air 
Predicted amount 
(ml. oxygen sTPD) 


Period r 
0-1 Arterialization of venous blood 44 37 41 

0-2 Influence of higher centres Probably small 

0-1 Increase in saturation of blood stored Probably small 
in lungs 

1-5 Respiratory work (including cardiac work) 50 34 42 

0-5 Observed total extra metabolism oe 84, 81 


oxygen consumption at this stage, owing to involuntary twitchings in the limb 
muscles and general discomfort. It will be noted that where the alveolar 
carbon dioxide tension has been maintained at a constant level, the change of 
metabolism during voluntary hyperventilation has been considerably smaller 
(Table 1). However, even with this improved technique, the cost of respiratory 
work may be greater than during pure hypercapnia owing to the adoption of 
a mechanically less efficient pattern of ventilation. 

From the present experiments, it seems difficult (particularly in the female 
subject 8.8.) to explain the pattern of oxygen uptake during the first 5 min 
of a period of hypercapnia simply in terms of the steady state values for 
additional respiratory and cardiac work. There is no a priore reason to suppose 
that the efficiency of the respiratory system or heart is altered during these 
first few minutes, and it may therefore be suggested that in the early stages of 
the response to carbon dioxide other factors are involved. Some of these 
factors have already been considered, and the adequacy with which they 
account for the observed changes of oxygen uptake is examined in Table 4. 
Having regard to the many sources of error in these estimates, there is fair 
agreement between observed and predicted values in two of the three subjects. 
It will be noted that the metabolic cost of respiratory work begins to exert its 
effect at the point where the effect of the oxygenation of venous blood is 
beginning to wane, and over the first 5 min the combination of these factors 
tends to mask the increase in slope of the oxygen consumption curve due to 
respiratory work, After the achievement of a steady state of hypercapnic 
hyperventilation, there seems no reason to doubt that the increase of 
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metabolism is related purely to cardiac and respiratory work, and the present 
findings are quite compatible with the usually accepted cost of 1-20 ml./1. of 
extra-ventilation. | 

The primary object of this study was to provide data needed for a quantita- 
tive assessment of carbon dioxide retention by the body during the breathing 
of carbon dioxide mixtures (Shephard, 19556). However, the findings are also 
of some importance in other metabolic studies. There are circumstances in 
which the dead space leading to a spirometer circuit is increased (as in small 
children, where it may be necessary to apply a complete face-piece under 
general anaesthesia), and it is clear that accumulation of carbon dioxide in this 
dead space can invalidate the results by producing a sudden and rather 
variable increase of oxygen uptake. | 


SUMMARY 


1. To calculate the true change in oxygen consumption during the breathing | 


of carbon dioxide mixtures, it is necessary to estimate the ‘apparent oxygen 
consumption’ that is associated with hyperventilation. This comprises an in- 
crease of 60-90 ml. in the oxygen content of alveolar gas, and smaller changes 
in the oxygen content of the apparatus, the blood, and the tissues of the body. 

2. The corrected total oxygen consumption is significantly greater than 
previously determined resting values, although over the first 5 min of hyper- 
capnia it seems difficult to explain the oxygen consumption values simply in 
terms of extra respiratory and cardiac work. 

3. There is evidence that carbon dioxide produces an increase of cardiac 
output, and there may thus be a rapid oxygen uptake of about 40 ml. associ- 
ated with the arterialization of a volume of venous blood. 

4, The metabolic cost of additional respiratory and cardiac work accounts 
for most of the remaining increase of metabolism if the usually accepted value 
of 1-20 ml./l. of ventilation is adopted. 


Thanks are due to Miss Scott for her willing help as technician and subject, and also to the 
Department of Medical Illustration for preparing the figures. 
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ASSESSMENT OF VOLUNTARY BLADDER EMPTYING IN MAN 


By J. N. MILLS, 8. THOMAS anp P. A. YATES 
From the Department of Physiology, University of Manchester 
(Received 5 May 1955) 


In the United States a urethral catheter is usually passed as a preliminary to 
renal experiments in healthy subjects, but in this country the practice is 
usually considered hardly justifiable. It is therefore desirable to test, in some 


other way, how consistently any chosen subject can empty his bladder. The — 


approximate constancy of creatinine output has been used for this purpose 


(Longson & Mills, 1953). If a urine collection period giving a low creatinine ~ 


output was followed by one giving a high output, it was assumed that bladder 
emptying was incomplete at the end of the earlier period, but when glomerular 
filtration rate (G.¥.R.) varies widely, this method obviously cannot be used. 
Some preliminary experiments have therefore been made to assess the 
adequacy of bladder emptying by subjects to be used for renal investigations. 


METHODS 


Miscalculations of renal excretion rates due to incomplete bladder emptying 
will be maximal if urinary volumes are small, and since creatinine excretion 
is most likely to remain constant if observations are completed in as short 
a time as possible, the experiments were conducted during the course of a 
water diuresis. Five experiments were performed on four subjects; when the 
diuresis was well established eleven to fifteen urine samples, of volume 
8-62 ml, were passed at intervals of 2-7 min, and were analysed for creatinine 
by the method of Bonsnes & Taussky (1945). 

The expected output of creatinine for each period was calculated from the 
mean output of the whole experiment. Any deficiency below expectation was 
interpreted as due to incomplete micturition, and was divided by the current 
creatinine concentration to convert it to a residual’ urinary volume. Any 
excess over expectation was likewise interpreted as the compensation for a 
previous incomplete micturition and was divided by creatinine concentration 
in the previous urine sample. A single defective micturition is thus repr¢- 
sented twice, as a deficit in one sample and an excess in the next; but it like- 
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wise vitiates, in opposite directions, two consecutive estimates of clearance or 
excretion rate, and our interest in assessing any deficit of micturition is 7 
to determine the error introduced into such estimates. 


TaBLE 1, Calculation of bladder-emptying error by analysis of creatinine content 
of a series of consecutive urine samples 


Creatinine 
Total in Residual 
sample Expected Deficit — urine 
Sample Time (ml/min) mg/ml. mg/min (mg) mg) (mg) (ml.) 
Al) (2) (3) (4) (5) (8) (7) : 

l 4 55 2-64 0-455 1-20 5-91 6-13 05 
2 5 19 4-05 0-305 1-24 6-56 6-63 0-07 0-2 i 
3 5 03 6-56 0-198 1:30 6-53 630 -0:23 -08 i 
5 3 24 8-38 0-152 1-28 4-35 424 -Oll -06 
6 3 11 8-04 0-135 1-09 3-46 3-97 0-51 3-8 


Mean creatinine excretion over 46 min (twelve urine samples) = 1-248 mg/min. 
Column (5) =(1) x (4). 

Column (6) = 1-248 x (1). 

Column (7) =(6) (5). 


Column (8)=(7) divided by the appropriate figure of column (3). This is the residual urinary q 
volume, expressed as an excess over any present at the previous voiding. q 
q 
TaBLE 2. Calculated residual volumes in five series of consecutive urine samples. Each figure is a 
the excess over any residual volume present at the previous voiding q 
Calculated deficit (ml.) q 
Subject...  D M Tl T2 q 
- 38 -18 ~1-2 
2 16 +05 +53 +2-2 q 
3 +11-7 +0-2 +0-2 — 26 -3-0 
4 14-0 —0-8 —1-2 +2-7 
5 + 18 ~2-2 5-6 +0-4 
6 85 — 0-6 +3-0 — 2-6 — 24 
7 + 46 +3°8 +72 +1-9 +53 a 
8 12 +05 -3:4 -13 
9 +17-7 +13 +58 +1-0 +4°7 
10 - 76 +14 -71 +2-9 q 
1] + 33-7 +3-7 +3-0 +0-8 ~0-7 
12 + 68 +0-4 8-4 q 
13 + 75 — _ 
RESULTS 


Details of part of one experiment are given in Table 1, which shows the results 
obtained in six consecutive urine samples. Column 8 gives the residual urinary 
volume as excess over any present at the previous voiding. , 
The calculated residual urines are shown in Table 2. In a series of twelve 
micturitions by subject M, the error never exceeded 4 ml. and was seldom 
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over 2ml. Subjects T and Y showed somewhat larger errors. Subject D 
showed evidence of very incomplete bladder emptying, with errors often over 
10 and sometimes over 30 ml. It had been noted that D often had considerable 
difficulty in starting sesihiacetee even when his bladder contained ¢ a fair 
quantity of urine. 
DISCUSSION | 

The method here described is likely to overestimate errors of bladder emptying, 
since it ascribes to such errors all the variation in measured creatinine output. 
Errors in creatinine estimation—which would be similar for all subjects—and 
in timing, and any real variations in creatinine excretion, will all contribute to 
this observed variation. The variation might be reduced if allowance were 
made for minor trends in creatinine excretion, which were sometimes seen. 
Scrutiny of Table 2 suggests, however, that there would be little gain. Another 
possible source of variation in apparent creatinine output is the change in 
creatinine content of the residual volume in the renal pelvis if the flow is 
changing; were this of importance, the apparent creatinine output would be 
consistently too high during periods of rising flow, but there is no men of this 
in Table 1. 

The method measures only the difference between residual urinary volume 
in two consecutive voidings. This is, however, the quantity which, if of 
appreciable magnitude, will vitiate clearance determinations. It would not 
detect a constant residual volume, which is however unlikely in a healthy 
subject. Any such volume would have the same effect as the residual volume 
in the renal pelvis, for which allowance may be made by calculated delay 
times, and which only becomes of importance during periods of rapid change 
of concentration in plasma or urine. Davies & Shock (1950), who catheterized 
the bladder, found a s.p. of about 5% in consecutive inulin clearance periods 
of 8-11 min, and point out that this may represent in part real variation in 


G.F.R., and in part experimental error. This variation is somewhat greater than 


that shown by M in creatinine output. Either biological variation, or error, 
could indeed account for all the variation shown by this subject, without in- 
voking errors of bladder emptying. Subjects T and Y showed an occasional 
figure which exceeded any likely error and suggested a deficit in bladder 
emptying. Since the volumes in Table 2 represent the variation from all 
sources, the bladder emptying error may well be less. A small error is of little 
consequence in the determination of renal clearance when clearance periods 
are long enough, and flows high enough, to give a large volume in each 
sample. Subject D, however, showed deficits which largely exceed those likely 
to arise from normal variations in creatinine output or from analytical error. 
A preliminary screening by the method here described would thus be valuab!e 
in excluding unsuitable subjects from experiments in which absolute values 
for clearances or excretion rates are of importance. 
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SUMMARY 
1, A method is described whereby, by comparisons between expected and 


- determined creatinine output in small frequent urinary samples, bladder 


emptying may be assessed. A maximal figure is obtained for the residual 
volume in excess of any present at the previous voiding. 

2. Experiments upon four subjects showed that one could empty his 
bladder very consistently, one often voided very imperfectly, whilst two 
others were intermediate. 
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THE ACTION OF QUININE AND QUINIDINE ON THE 
CONTRACTIONS OF STRIATED MUSCLE 


By W. LAMMERS* anp J. M. RITCHIE 


_ From the National Institute for Medical Research, 
Mill Hill, London, N.W. 7 


(Received 16 May 1955) 


In 1939 Harvey studied the effect of quinine on skeletal muscle and found that 


it had an action both on the neuromuscular junction and directly on the 
muscle fibre. He concluded that the direct action of the drug was to cause a 
longer persistence of the contraction wave. Since then, Hill (1949) has 


introduced the concept of the active state of muscle, the process underlying 


the contraction, and it has become possible to account for the mechanical 
effects of several drugs on the contractions of skeletal muscle by an action on 
this process (Goffart & Ritchie, 1952; Hill & Macpherson, 1954; Ritchie, 


19546). In the present experiments the action of quinine on the muscle fibre — 


was investigated to see how far the effects of this drug could be explained in 
terms of this concept. 


It was found that quinine prolonged the time course of the active state of 
frog’s muscle, and the same effect was obtained with its optical isomer, 
quinidine. 

METHODS 
Experiments were done on the tibialis anterior and soleus muscles of cats in situ, and on the 
isolated frog’s sartorius muscle, 

Experiments on cats. The cats were usually anaesthetized with chloralose (80 mg/kg), but in 
some experiments they were decerebrated or spinalized under preliminary ether anaesthesia. 
Twitch and tetanic contractions were elicited either directly, or indirectly via the tied sciatic 
nerve, by means of rectangular electrical shocks. The duration of the shocks for indirect stimu- 
ation was 30-100 psec, if not otherwise stated, and their strength five times threshold value: for 


direct stimulation the duration was 1 msec and the strength such that the twitch contractions — 


were equal to those evoked with maximal indirect stimulation. Tetanic contractions of 4-4 sec 
duration were evoked, using frequencies of stimulation ranging from 16 to 500 shocks/sec. In the 
experiments with direct stimulation, the animals were fully curarized by an intravenous injection 
of tubocurarine chloride; the curarization was regularly checked by indirect stimulation of the 


muscle. For direct stimulation, a silver wire was wound round the tendon to form one electrode: 
the drill fixing the femur served as the other. 


* W.H.O. Fellow. 
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“experiment in a bath containing 80 ml, Ringer’s solution (NaCl 0-675%, KCl 0-015%, CaCl, 


_ in this figure, quinine caused an increase not only of the peak tension, but also 


; soleus muscle. Thus, in a typical experiment, after 15 mg quinine was injected, 


- anterior muscle were 90 and 15%. 
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The muscles were attached to the flat steel spring of a Brown-Schuster myograph. The tensions 
developed by the muscles were recorded either on a smoked drum by means of a long aluminium 
lever. or, a8 in most experiments, on a cathode-ray oscillograph by connecting the tip of the spring 
to an KCkA. 5734 mechano-electronic transducer valve. 

Injections of 1% (w/v) quinine hydrochloride and quinidine sulphate dissolved in saline were 
made, if not otherwise stated, into the external iliac artery (Zaimis, 1953). In a few experiments 
on the tibialis anterior muscle the method of close arterial injection (Brown, 1938) was used. 

Experiments on frogs. The isolated frog’s sartorius muscle was suspended throughout the 


0-040%, w/v) buffered with sodium phosphate to pH 7-0. In most experiments tubocurarine 
chloride (1/50,000, w/v) was present. The muscle was directly stimulated at many points of its 
surface simultaneously by means of a multi-electrode assembly (Hill, 1949). The tension recorder. 
was the R.C.A. transducer valve. Active state curves of the muscle were obtained using the quick 
release method described by Ritchie (19545). The quinine and quinidine solutions, added to the 
bath, were dissolved in Ringer’s solution and the final concentration of the drug in the bath was 
between 10-* and 2 x 10-5, w/v. 


RESULTS 


The effect of quinine on single isometric twitches. When 5-15 mg quinine was 
injected into the external iliac artery, there was an increase in the peak tension 
developed by the tibialis anterior muscle in response to a single shock to the 
nerve. This effect started within 10 sec of the injection, was maximal in about 
3 min, and lasted for over half an hour. These observations confirm those made 
by Harvey (1939) and are illustrated in Fig. 1, where a record of the single 
isometric twitch, made 6 min after the injection of 15 mg quinine, has been 
superimposed on a similar record made immediately beforehand. As shown 


of the contraction time, i.e. the interval between the stimulus and the peak of 
the contraction. With close arterial injections quinine produced these changes 
when given in doses as small as 1-2 mg. In the experiment of Fig. 1 the peak 
twitch tension inereased by 36°% and the contraction time by 16%. The 
increases in twitch tension varied greatly from experiment to experiment, 
between 25 and 140°, whereas the changes in the contraction time were always 
smaller and varied between 3 and 25%. Similar results were obtained with 
direct stimulation of muscle, where neuromuscular transmission was com- 
pletely blocked by tubocurarine chloride. 

Quinine caused similar but smaller changes in the response of the cat’s 


the peak tension and contraction time of the soleus muscle were increased by 
27 and 8% respectively, whereas the corresponding increases for the tibialis 


In some experiments the duration of the stimuli was increased from 
30-100 usec to more than 1 msec, with the result that the contractions in 


response to a single shock increased; this was caused presumably by repetitive 
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firing of the nerve. In these experiments quinine usually produced a slight, 
transient or prolonged, decrease of the peak ‘twitch’ tension (Fig. 2A, B) 
which was sometimes followed by an increase. With the shorter duration 
stimuli (30-100 psec) this same pattern of events was seen in experiments 
where the injection of quinine had been preceded up to half an hour earlier by 
an arterial injection of eserine (Fig. 3A, B). 


O-Skg 


Fig. 1. Records of single, indirect twitches of cat’s tibialis anterior muscle, before (solid line) 
and 6 min after (interrupted line) 15 mg quinine hydrochloride, Time bars, 3-3 msec. 


Fig. 2. 

Fig. 2. Records of contraction of cat’s tibialis anterior muscle in response to single shocks to the 
nerve of 1 msec duration every 15 sec. A: 10 mg quinine hydrochloride at arrow. B: 2 ml. 
saline at first arrow, 10 mg quinine hydrochloride at second arrow. 

Fig. 3. Records of contraction of cat’s tibialis anterior muscle in response to single shocks to the 
nerve of 100 usec duration every 15 sec. A: 15 mg quinine hydrochloride at arrow, preceded 
30 min earlier by 150 yg eserine sulphate. B: 15 mg quinine hydrochloride at arrow, preceded 
10 min earlier by 150 pg eserine sulphate. 
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in the local blood supply of the muscle were responsible for the effects on the 


to the left (open circles). The peak tension developed by frequencies of 
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The effect of quinine on the twitch cannot be attributed to the fall in 
arterial blood pressure which occurred after the injection of quinine, because 
the fall was transient whereas the effects on the contraction lasted for up to 
half an hour. Furthermore, the close arterial injection of 1-2 mg of quinine 
produced only a very slight fall in blood pressure but had the same effect on 
the contractions of the tibialis anterior muscle. It is also unlikely that changes 


contraction, since they could be observed during arterial occlusion, which by 
itself produced no marked changes in the mechanical response of the muscle. 

The effect of quinine on tetanic contractions. Quinine reduced the fusion 
frequency of both the tibialis anterior and soleus muscles, i.e. the smallest 
frequency of stimulation at which a fused mechanical response is obtained. 
In a typical experiment an arterial injection of 15 mg quinine reduced the 
fusion frequency of the tibialis anterior muscle from about 90 shocks/sec to 
about 60 shocks/sec. 

The general effect of quinine on the tetanic tension depended on the 
frequency of stimulation. At frequencies lower than fusion frequency, 
quinine increased both the peak tension developed and the mean tension 
which the muscle was able to maintain. At frequencies higher than fusion 
frequency, quinine produced no change in the peak tetanic tension, although 
the ability of the muscle to maintain its tension during prolonged stimulation 
was greatly decreased. These findings are contrary to those of Harvey (1939), 
who found that even at a low frequency of stimulation the peak tetanic 
tension was decreased after quinine. 

Typical results are shown in Fig. 4 for the peak tetanic tension of the tibialis 
anterior muscle at different stimulation frequencies and in Fig. 5 for the 
tension which the muscle was able to exert at the end of a tetanus of 4 sec 
duration. In the experiment of Fig. 4, tetani of about 4 sec duration were 
given to the motor nerve at 2 min intervals and at frequencies of stimulation 
ranging from 16 to 400 shocks/sec. The relation between peak tetanic tension 
and frequency of stimulation was obtained (solid circles). The ringed point in ~ 
this curve corresponds to fusion frequency. At higher frequencies the peak 
tetanic tension remained constant: at lower frequencies it decreased with 
decreasing frequency in the manner described by Brown & Burns (1949). When 
the experiment was repeated two or three times at half hourly intervals, this 
relation was found to be unaltered. After 15 mg quinine the curve was shifted 


stimulation greater than fusion frequency remained constant. 

As shown in Fig. 4, the peak tension developed at the frequency of stimu- 
lation at which fusion was judged to occur was slightly less than the maximum 
tetanic tension: one would expect, however, that at fusion frequency the peak 


tension developed would be equal to the maximum tetanic tension. This 
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discrepancy can be explained by the fact that the value of fusion frequency 
determined experimentally depends on the sensitivity of the recording system 
(Ritchie, 1954a) and that in the present experiments this sensitivity was such 
that the whole of the tetanic contraction was recorded. Fusion frequency 
determined under these conditions is likely to be smaller than the true fusion 
frequency. 


Peak tetanic tension (kg) 


15 30 60 120 240 
Frequency of stimulation (shocks/sec) 


Fig. 4. Relation between the peak tetanic tension of the cat’s tibialis anterior muscle and the 


frequency of indirect stimulation before (solid circles) and after (open circles) 15 mg quinine 
hydrochloride. The ringed point in each curve indicates the fusion frequency. 


In Fig. 5 the tension which the muscle exerted at the end of a 4 sec tetanus 
at varying frequencies of stimulation and which is usually smaller than the 
peak tetanic tension is shown before and after quinine. Quinine shifts the 
whole of this curve to the left. 


Experiments on the isolated frog’s sartorius muscle 
The effect of quinine on the active state of muscle. The effects of quinine on the 
twitch contractions of cat’s muscle described above are similar to those 


_ described by Hill & Macpherson (1954) and by Ritchie (19545) for the effect 


of nitrate on the frog’s sartorius muscle. The effect of nitrate was ascribed by 
these authors to a prolongation of the time course of the active state of this 
muscle. We therefore examined the effect of quinine on the active state of 
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muscle. The isolated frog’s sartorius muscle at 0° C was used and the active 
state was measured by the method described by Ritchie (19546). When 
quinine was added to the Ringer’s solution in which the muscle was suspended 
in final concentrations of between 10-* and 2 x 10-5 (w/v), the duration of the 
active state increased. Fig. 6 illustrates a typical experiment where quinine 
produced a prolongation of the time course of the active state which amounted 
to over 30%. | 


— 


PAS 


= 


Tension exerted at end of 4sec tetanus (kg) 


15 30 60 120 240 
Frequency of stimulation (shocks/sec) 


Fig. 5. Relation between the tension of the cat’s tibialis anterior muscle at the end of a tetanus of 
4 sec duration and the frequency of indirect stimulation before (solid circles) and after (open 
circles) 15 mg quinine hydrochloride. Same muscle as in Fig. 4. 


In these experiments quinine increased the contraction time of the muscle 
but there was little or no increase in the peak tension developed in the single 
isometric twitch such as was found in cat’s muscle. However, according to 
Ritchie & Wilkie (1955) this dissimilarity may well be associated with the fact 
that the twitch/tetanus ratio is high in frog’s muscle at 0° C (more than 0-75), 
whereas it is small in cat’s muscle (about 0-25). The twitch/tetanus ratio of the 
frog’s muscle was therefore reduced experimentally by connecting an elasticity 
(a rubber band or an unstimulated muscle) between the preparation and the 
tension recorder. This reduced the twitch/tetanus ratio to about 0-2. Under 
these circumstances quinine increased not only the contraction time but also 
the twitch tension, as in cat’s muscle. A similar result was obtained when the 
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twitch/tetanus ratio was reduced by raising the temperature of the muscle 
from 0° C to about 15° C. 
The effect of curarine and eserine on the prolongation of the active state pro- 


duced by quinine. In these experiments active state curves were determined — 


every 15 min; each determination required 4-5 min. The results are best 
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200 600 
Time after stimulus (msec) 
Fig. 6. Active state curves of frog’s sartorius muscle at 0° C before (solid circles) and 45 min after 
(open circles) soaking in 10-* (w/v) quinine hydrochloride. 


illustrated by considering the time after the stimulus at which the intensity 
of the active state had fallen to a given tension, for example a third of the 


maximum tetanic tension. As shown in Fig. 7, this time was not altered 


either by tubocurarine chloride (2 x 10-5, w/v) or by eserine sulphate (10-°, 
w/v). Furthermore, neither tubocurarine nor eserine prevented the action of 
quinine in increasing this time. In Fig. 7 this effect of quinine is shown for the 
sartorius muscle of one leg after previous treatment with tubocurarine and 
eserine (Fig. 7A) and for the muscle of the other leg after treatment with 
tubocurarine alone (Fig. 7B). It can be seen that the effect of quinine was the 


a6 8 


ig 
43 
is 
ag 
| 
ey 
3 
Ly 
we 


+ 


eserine. 
280. sin 

— q 
q 


QUININE ON STRIATED MUSCLE 419 


same in both muscles. Similar results were obtained in experiments where the 
muscle of the other leg was not Sees treated either with tubocurarine or 


— 


B 
a 

Cc Q 

0 30 60 90 120 150 


Time (min) 


Fig. 7. The effect of tubocurarine, eserine and quinine on the duration of the active state of frog’s 
muscle at 0° C. The ordinates are the times after the stimulus at which the intensity of the — 
active state had fallen to one-third of its maximum intensity. Curve A: left sartorius. At 
O, E and Q tubocurarine chloride (final concentration 2 x 10-°, w/v), eserine sulphate (final 
concentration 10-5, w/v) and quinine hydrochloride (final concentration 10~*, w/v) respectively 
were added to the bath. Curve B: right sartorius, same frog. At O and Q tubocurarine 
chloride and quinine hydrochloride (same concentrations as in curve A) were added to the bath. 


The effects of quinidine on skeletal muscle 


All the effects which have been described for quinine were also found with 
quinidine when given in the same doses. In the experiments with cat’s muscles 
the twitch tension and contraction time were increased, fusion frequency was 
decreased, and the curves relating peak and maintained tetanic tensions to 
stimulation frequency were shifted to the left. Furthermore, the time course 
of the active state of frog’ s muscle was increased and this effect was unaffected 
by tubocurarine or eserine. 

DISCUSSION 
Changes produced in the duration of the active state of muscle by quinine and 
quinidine can account for many of the effects of these drugs on muscular 
contraction. If a muscle were composed entirely of contractile material, its 
isometric myogram and its active state curve would be identical. As Hill (1949) 
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has pointed out, the reason why they are not is because muscle contains an 


elastic component in series with the contractile material. During the develop- 
ment of muscle tension this component has to be stretched and the rate of this 
stretching is limited both by the force/velocity relation of the contractile 
material and by the stress/strain characteristic of the series elasticity. The 
consequence is that muscle tension rises gradually, and during a single twitch 
is curtailed after a time by the decay in the intensity of the active state, the 
driving force underlying the contraction. Quinine prolongs the time course of 
the active state in frog’s muscle and so allows tension development in a single 
twitch to continue over a longer period of time before it is stopped by this 
decay. Peak twitch tension and contraction time are in consequence both 
increased. The finding, illustrated in Fig. 1, that quinine does not change the 
rate of tension development in the early stages of a twitch is explained on the 
grounds that during this time there is no decay in the intensity of the active 


state and the isometric myogram is determined only by the characteristics of — 


the series elastic component and the force/velocity relation, neither of which 
presumably are affected by quinine, Goffart & Ritchie (1952) suggested that 
the effect of adrenaline on some mammalian skeletal muscles might be 
explained by a similar action of this drug on the active state; and it has 


_ recently been shown that the increased peak twitch tension and contraction ~ 


time produced by the nitrate ion on frog’s skeletal muscle is, in fact, caused by 
such a prolongation (Hill & Macpherson, 1954; Ritchie, 19545). 

The active state curve can at present be determined only for relatively slow 
muscles such as frog’s muscle at 0° C, and not for the faster mammalian 
muscles, However, it is most likely that quinine has the same action on the 
duration of the active state of cat’s muscles as that observed for frog’s muscles, 
because the effects of the drug on the twitch contractions of frog’s and cat’s 
muscles are so similar. Many of the observed effects of quinine on tetanic 
contraction of cat’s muscle can be well explained by an action on the duration 
of the active state. The decrease in fusion frequency after quinine can be 
accounted for because, as shown by Ritchie (19542), this frequency is related 
to the duration of the plateau of the active state; an increase in this duration 


must cause a decrease in fusion frequency. Furthermore, the effect of quinine 


in increasing the tension developed at any particular frequency which pro- 
duces an unfused tetanus is also accounted for by an increase in the duration 
of the active state. During an unfused tetanus, the peak tension developed by 
the muscle is less than the maximum tension which the muscle can exert, 
because the internal activity of the muscle decays between each shock. When 
the time course of the active state is prolonged, this decay becomes less. The 
consequence is that greater peak and mean tensions are developed. During a 
fused tetanus, however, the decay in the active state is not a factor involved 
in determining the shape of the isometric myogram. Therefore, quinine by 
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- 60 shocks/sec. A second point of difference was that Harvey observed a 


a dose of eserine had worn off, quinine no longer increased the twitch tension, 
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causing a prolongation of the time course of the active state does not affect the 
maximum tension in a fused tetanus. 

The prolongation of the time course of the active state is not the only action 
of quinine on striated muscle. The finding that tetanic contractions are not 
well maintained cannot be explained in terms of an action on the active state 
of muscle. Harvey (1939) has demonstrated that quinine has additional 
actions on skeletal muscle. It increases its threshold to electrical stimulation, 
slows the propagation of the action potential along the fibres, and greatly 
increases its refractory period. This increase in refractory period can account, 
as was suggested by Harvey (1939), for the effect of quinine on the maintenance 


There are some differences between Harvey’s results and ours. In our 
experiments the decrease in the ability of the muscle treated with quinine to 
maintain its tension during a tetanus was apparent only when these contrac- 
tions were evoked with frequencies of stimulation greater than 100-180 
shocks/sec (Fig. 5): in his experiments this was found in tetani evoked with 


decrease in maximum tetanic tension in muscles treated with quinine, whereas 
we did not. These differences in results are not due to the use of different doses 
or modes of injection of the drug, for in many of our experiments these were 
the same as Harvey’s. However, there was one major difference between 
Harvey’s technique and ours which may partly explain the differences in 
results. We usually used a rigid isometric recorder and observed that during a 
prolonged tetanus at high frequencies of stimulation the maximum tension was 
exerted only for a brief period at the beginning of the contraction. Harvey, 
on the other hand, usually used a lever writing on a smoked drum: the inertia 
of a system like this is such that the rapid initial development of tension is not — 
faithfully recorded. In fact, when we used a recording system similar to 
Harvey’s, we observed a decrease in the recorded maximum tetanic tension 
after quinine similar to that reported by Harvey. We cannot, however, explain 
why Harvey found a decrease in maintained tetanic tension at a much lower 
frequency than either Ravin (1940) or we did. He obtained a decrease at a 
frequency where we found, even with the smoked drum technique, an increase 
in maintained tetanic tension. | 

Harvey reported that after the potentiating effect on twitch tension of 


and he remarked that this action of eserine was difficult to explain. After we 
had found that eserine had no effect either by itself, or on the action of 
quinine, on the active state of frog’s muscle, we repeated his experiments and 
found that the modification of the effect of quinine on cat’s muscle produced 
by eserine was very similar to that found in experiments where repetitive 
firing of the nerve occurred because of the long duration of the nerve shocks, 
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In experiments where there is repetitive firing, quinine tends to decrease | 


twitch tension by increasing the refractory period and tends to increase it by 
prolonging the duration of the active state. The net result is that quinine can 
produce a decrease, a slight 1 increase, or no effect at all on the twitch tension. 
The effect of eserine in reducing or preventing the action of quinine in in- 
directly stimulated muscles can be well explained if we assume that even some 
time after giving the eserine, when the potentiating effect of the drug had 
largely subsided and the contractions were again steady, there was still repeti- 
tive firing at the neuromuscular end-plate. This assumption is strengthened by 
the fact that in experiments where eserine prevented the potentiating action 


of quinine, as in that illustrated in Fig. 3A, the twitch contractions just before | 
the quinine was given, although steady, were greater than they were before 


the eserine had been given: and by the finding of Brown, Burns & Feldberg 
(1948) that after an injection of another anticholinesterase, D.F.P., repetitive 
firing occurs over a long period of time and persists even when the twitch 
tension has fallen to below its original value. There is thus no need to postu- 
late, as Harvey has done, a direct action of eserine on the muscle fibre; indeed, 
from our experiments on frog’s muscle (Fig. 6A), there is no evidence for such 
an action. 

The effect of quinine on peak twitch tension is not very pronounced in frog’s 
muscle at 0° C, because in this muscle the twitch tension rises nearly to tetanic 
tension before it is curtailed by the decay in the active state. Ritchie & Wilkie 
(1955) have pointed out, however, that in this muscle the effect on twitch 
tension of a prolongation of the time course of the active state can be exag- 
gerated when the muscle is made to pull against an external elasticity. This 
reduces the twitch/tetanus ratio, and for a large part of the time during which 
twitch tension is being developed the decay in the intensity of the active state 
is continuously modifying the response of the muscle. Quinine given under 
these circumstances has a large effect on twitch tension. Similar reasoning 
may account for the fact that the effect of quinine on the cat’s tibialis muscle is 
larger than on the soleus muscle, because the tibialis is the faster muscle and 
has the smaller twitch/tetanus ratio. 

The effects of quinine and its optical isomer, quinidine, on striated muscle are 
identical. We think that the main action of both these drugs on cat’s and 
frog’s muscle is to prolong the time course of the active state. The fact that 
the time of onset of the effect of quinine on the twitch of cat’s muscle in vivo 
is different from that on isolated frog’s muscle does not negate this conclusion. 
For the drug will reach the surface of the fibres of the cat’s muscle in a 
relatively short time through the blood capillary network: in the isolated 


frog’s muscle, however, the drug has to diffuse through the intercellular 
spaces, and this will take some time. 
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SUMMARY 
1. Quinine increases the peak twitch tension and contraction time of the 
cat’s soleus and tibialis anterior muscles and of the frog’s sartorius muscle. 
2. Quinine decreases the fusion frequency of the cat’s soleus and tibialis 
anterior muscles. 


3. Quinine has no effect on the maximum tetanic tension of the cat’s soleus — 


and tibialis anterior muscles but increases the peak tension developed during 
an unfused tetanus. | 7 

4. Quinine decreases the maintained tetanic tension of the cat’s soleus and 
tibialis anterior muscles evoked by high frequencies of stimulation, but in- 
creases this tension when evoked by low frequencies of stimulation. 

5. Quinine increases the duration of the active state of frog’s muscle. This 
change accounts for the observed increase in twitch tension and contraction 
time of this muscle. 

6. Tubocurarine and eserine have no effect on the active state of frog’ 8 
muscle, nor do they affect the action of quinine on the active state. 

7. Quinidine produces the same effects as quinine on muscular contraction. 

8. It is suggested that prolongation of the duration of the active state is the 
cause of various of the effects of quinine and quinidine on the contraction of 


cat’s muscle. 
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THE BEHAVIOUR OF THE ISOLATED — 
WATER-BUFFALO URETER 


By D. W. GOULD, A. C. L. HSIEH anp L. F. TINCKLER 
From the Departments of Physiology and Surgery, 
University of Hong Kong 


(Received 11 November 1954) 


Since Engelmann (1869) described the movements of ureters in laboratory 
animals it has been generally accepted that urine is carried straight through 
from the renal pelvis to the bladder with the aid of peristaltic waves. But 
Fuchs (1936), who observed the passage of urine stained with indigo carmine 
down the ureters of rabbits, concluded that upon occasion the ureter forms 
itself into a series of chambers separated by sphincters. Begg (1946) also holds 
that the existence of a fixed pattern of chambers in the human ureter is con- 
firmed by the appearance of intravenous pyelograms. 

The ureter has a rich nerve supply and contains ganglia, but much work on 
nerve stimulation in the intact animal and on drug action on the isolated organ 
has not established a clear picture of the role played by the central nervous 


system in regulating ureteric activity. The subject is reviewed by Gruber — 


(1933). Although most authorities accept the idea that the autonomic nervous 
system influences the ureter, at least one worker (Lapides, 1948) holds that the 
organ is entirely autonomous, and that its activity depends solely upon the 
amount of urine secreted by the kidney. 

This and the following paper report studies designed to determine how the 
ureter handles urine, and whether or not there is evidence that nervous in- 
fluences play a role. This paper deals with experiments upon the isolated 
ureter: of the water-buffalo (Bubalus mindorensis), and a second paper with 
experiments upon the intact ureter of dogs, rabbits and rats. 


METHODS 


Ureters were obtained from water-buffalo immediately after slaughter and placed in chilled, 

oxygenated Krebs’s bicarbonate solution (NaCl, 0-692%; KCl, 0-0354%; CaCl,, 0-0282%; 

NaHCO,, 0-21%; KH,PO,, 0-0162%; MgSO,.7H,0, 0-0294%; glucose, 0-2%) atid carried to 

the laboratory in a Thermos flask. Upon arrival they were cleaned of attached tissue and sections 

4-5 em in length were cut from each end and the middle. These were mounted abreast in a single 

chamber of 320 ml. capacity within a Palmer’s isolated organ-bath, and a thread from each 
28 PHYSIO. OXXIX 
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section was attached to a lever. The three writing points were arranged one above the other to 
record on smoked paper. The chamber was filled with Krebs’s bicarbonate solution through which 
bubbled a mixture of 5% CO, and 95% oxygen. The temperature was maintained at 37° C, except 
when it was desired to prevent spontaneous contractions, in which case it was kept at 30° (. 
Usually all three sections were in the chamber within an hour of the animal’s death. 

Observations were made upon the spontaneous activity of the sections, the effects of electrical 
and mechanical stimulation, drug action and anatomical differences. 

Mechanical stimulation was achieved by a tug on the thread connecting the section to its lever. 
Electrical stimulation was produced by discharging a condenser through the chamber fluid. Two 
large electrodes of platinum foil mounted on Perspex were used. The lower electrode was circular, 
having a diameter slightly less than that of the chamber, and was placed 2-3 cm below the lower 
attachments of the sections. The upper bar-shaped electrode was located just below the surface 
of the chamber fluid, above and parallel to the rank of sections, and just forward to the threads 
from sections to levers. This arrangement was designed to produce equal stimuli to all sections 
with each condenser shock. Because of the possibility of unequal stimulation, the relative positions 
of the sections within the rank were frequently varied. Condenser capacities of 20, 30 or 40uF 


were used, according to the sensitivity of the preparation, and the condenser was charged froma | 


vacuum tube rectifier having a d.c. voltage output variable between 0-500. 

Electrical stimulation was used to compare the excitability of the three sections, and to produce 
a standard response for judging the comparative effects of drugs on the three sections. The amount 
of muscle in the wall of the ureter was observed to increase from above downwards (PI. 1) and so 
it is impossible to compare drug influence by a direct measurement of movements produced in 
sections of equal length attached to equal loads; and there are difficulties in using weight as a 
standardizing factor. We have therefore assumed that the shortening produced by a single maximal 
electrical stimulus is proportional to the maximum shortening of which a particular section is 
capable, and have expressed shortening caused by drugs as a percentage of the shortening caused 


by a maximal shock or tug. Thus differences among the three sections in muscle mass, proportion — 


of muscle fibres present which are concerned with shortening, and relationship between the 
number of such fibres and the applied load, do not effect the comparison. 

In five experiments an entire ureter was mounted upon a horizontal Perspex grid immersed in 
Krebs’s bicarbonate solution at 37° C. The lower end had been divided just short of the bladder. 
Each was perfused with Krebs’s solution fed into the renal end from a burette, and the bladder 
end was either allowed to drain, or was connected to a second burette. Pressure tracings were 
made from points at the top, middle and bottom by means of hypodermic needles inserted into the 
lumen and connected to Statham strain-gauge manometers. The manometers were connected to 
a Sanborn ‘Poly-Viso’ physiological recorder. The head of pressure in the burettes at either end 


was varied, and the behaviour of the ureters observed. 


These experiments were carried out in large baths of 10 or 1 1. capacity. 


RESULTS 
Anatomical differences 


The amount of muscle in the wall of the ureter increases from above downwards. 


_ The upper part of the ureter shows two muscle layers; an inner longitudinal 


and an outer circular. The increase in muscle mass is accomplished both by an 
increase in bulk of these two layers, and by the addition of a third, an outer, 
longitudinal layer which makes its appearance at about the junction of the 
middle and upper thirds (Pl. 1). 

When glass beads were inserted into the sections in order to induce rhyth- 
mical contractions, in any one ureter the upper section could accommodate 
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larger beads than the middle or lower. Assuming that the epithelial lining of 
the ureter does not normally stretch, but simply unfolds as the ureter fills, we 
measured the circumference of the epithelial lining in cross-sections. Our 
results confirmed the impression that the top end of the ureter has a greater 
than the bottom. 
Spontaneous activity 

Rytbmica contractions. Of twelve ureters whose sections were allowed to 
remain in the chamber for an hour or more at 37° C before the addition of 
drugs, eight showed spontaneous rhythmical contractions. In five of these the 


bottom section only was active; in one the bottom and middle sections; and _ 


in two the top section only. Sections failing to show spontaneous contractions 
usually could be stimulated into rhythmical activity by inserting into one end 
a glass bead of a size sufficient to stretch the lumen. 

Tone. In all, twenty-three ureters were mounted in the fashion Acute 
and it was possible to judge roughly the tone of each section by the give to a 
tug on the thread. When tone was high, give was considerable, and the point 
at which the muscle became fully stretched was easily appreciated by the 
sharp resistance to further extension. Tone was invariably high in the bottom 
sections, less, but always present, in the middle sections, and rey. low or 
absent] in the upper sections. 


Electrical and mechanical stimulation 


Unless a section was entirely unreactive, a tug on its thread produced a 
contraction, and we early found that a much lighter tug was required for 
stimulation of the lower two segments than of the upper one. Graded electrical 
stimuli were therefore applied to sections from eight ureters. The voltage was 
increased by steps until all three sections responded, and then decreased again 
until the last section ceased to respond. This was repeated several times with 
each set of sections, and the placing of the sections in the rank was varied 
between runs. 

In general, the bottom section was most excitable and the top least ex- 
citable. Table 1 shows the minimum voltage to which the three sections of the 
ureters responded. In Table 2 the same results are expressed in terms of 


_ Telative degrees of excitability, Fig. 1 shows a typical result. 


The effect of drugs 

Adrenaline. Adrenaline hydrochloride (Parke Davis) was added to the bath 
in each of eleven preparations in which adequate and consistent contractions 
for reference purposes could be obtained in all three sections, either by a tug 
or an electrical stimulus. The quantity added was usually 0-1 mg. 

The most consistent effect, of adrenaline was an increase in tone. In general, 
the greatest effect was upon the bottom section and the least effect upon the 
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Tas_e 1. Minimum voltages to which top, middle and lower sections in 
eight preparations responded by contraction 


Condenser Minimum voltage (V) 
Ureter capacity — A ~ 
no. (pF) Top Middle Lower 
l 40 180 80 60 
2 20 160 100 140 
3 40 240 240 140 
4 40 500 360 60 
5 40 160 160 60 
6 40 300 25 20 
7 60 70 65 40 
8 40 300 40 65 


TaBLE 2, Relative degrees of sensitivity to electrical stimulation of top, middle and 
lower sections in eight preparations 


Greatest Moderate Least 
Lower 6 2 0 
Middle 2 6 0 
Top 0 2 6 


When the x? test is applied to this table P<0-001. 


Fig. 1. Graded electrical stimulation of sections from the top, middle and lower portions of the 


buffalo ureter achieved by discharging a 20uF condenser through the bath at the voltages 
shown. In this experiment the lower section does not show an all-or-none response. At 80 V 
a second stimulus was accidentally applied 20 sec after the first. The two upper sections 
respond by a slightly larger contraction, but the lower has still only partially relaxed and 
gives a reduced contraction. Time in 10 sec intervals. 
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top. Table 3 shows the degree to which the three sections in the eleven ureters 
shortened as a result of the addition of adrenaline to the chamber. Where two 
or more tests were made on one preparation, the results shown are the 
averages of those obtained. Table 4 shows the same results in terms of the 
relative response of the different parts of the ureter. Fig. 2 shows a typical 


TaBLE 3, The degrees of shortening in top, middle and lower sections in eleven preparations 
produced by the addition of adrenaline to the bath, expressed as a percentage of the shortening 
produced by a single maximal shock. 

Ureter ... 1 2 3 4 5 6 7 8 9 10—=—sl 
8 


oa 37 14-5 0 8 22 1 18- 
dle 73 115 37 61 93 23 53 16-5 19-7 60 47 
Lower 81 153. 74 77-5 65 108-5 81 40 70 


Tass 4, Relative degrees of sensitivity to adrenaline of top, 
middle and lower sections in eleven preparations 


‘ Greatest Moderate Least 


Lower 9 2 0 
Middle 2 8 1 
Top 0 1 10 


When the x? test is applied to this table P < 0-001. 


Fig. 2. Comparative effects of adrenaline on sections from the top, middle and lower portions of 
the buffalo ureter. 0-1 mg adrenaline hydrochloride was added to the bath at the arrow. 
T indicates contractions induced by a tug. In addition, the lower section shows three 
spontaneous contractions, one of which follows upon the addition of adrenaline. Time in 


10 sec intervals. 
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When adrenaline was added to a preparation in which a section was showing 
spontaneous contractions, the rate of contraction was occasionally slightly 
increased. Rarely adrenaline initiated — contraction in a previously 
quiescent section. 

Noradrenaline. Noradrenaline (Winthrop Products) added to three pre- 
parations produced a rise of tone similar to that caused by adrenaline. 

Methedrine. 10mg of methylamphetamine hydrochloride (Methedrine, 
Burroughs Wellcome) had no effect on one preparation and caused a very slight 
rise in tone in the lower segment of two other preparations. 

Piperoxane. Piperoxane (May and Baker) promptly cancelled the effects of 
adrenaline and noradrenaline, but quantities up to 2 mg added to seven pre- 
parations had no effect on basic tone, spontaneous contractions, or the response 
to electrical and mechanical stimulation. 

Acetylcholine. Like adrenaline, acetylcholine caused a rise of tone. This 
effect, however, was not as consistent as that of adrenaline, some otherwise 
active preparations showing almost no response, and others reacting to similar 
concentrations of the drug by extreme shortening. 

Acetylcholine (Roche) in amounts ranging from 0-20 to 0-1 mg was added to 
the chamber in each of ten preparations in which adequate and consistent con- 
tractions for reference purposes could be obtained by mechanical or electrical 
stimulation. In general the greatest effect was upon the bottom section and the 
least effect upon the top. Table 5 shows the shortening produced in the three 


_ sections of the ten preparations. Table 6 shows the same results in terms of the 


relative response of the different parts of the ureter. Fig. 3 shows a typical 
result. 

Atropine. Atropine sulphate (usually 2 mg) was added to the chamber in 
each of fourteen preparations. Whilst atropine prevented or annulled the 
effect of acetylcholine, it had no influence on basic tone, spontaneous contrac- 
tions, or the response to electrical and mechanical stimulation. A very large 
amount (10mg) caused some reduction in the rise of tone produced by 
adrenaline, but did not affect basic activity. 

Pilocarpine. 0-1 mg of pilocarpine added to a preparation showing vigorous 
spontaneous contractions had no effect upon the contractions or upon tone. 

Hexamethonium bromide. 2mg of hexamethonium bromide (May and 
Baker) had no effect on tone, spontaneous contractions, or response to electrical 
stimulation. A total of 200 mg had no effect on the rise of tone caused by 
12 mg of acetylcholine. 

Barium chloride, morphine, cocaine, Pituitrin, papaverine. “oes of these 
drugs produced any effect, even in large doses. 

Combined effects of adrenaline, acetylcholine, atropine and Piperoxane. In five 
preparations these drugs were used in various orders. When either adrenaline 
or acetylcholine was added until no further rise in tone could be obtained, 


ing 
By) 
Py 
7 
‘a 
| 
& 
4 
+ 
) 
a | 
° 


BEHAVIOUR OF THE ISOLATED URETER 431 


Tate 5. The degrees to which top, middle and lower sections in ten preparations shortened as a 
result of the addition of acetylcholine to the bath, expressed as percentages of the shortening 


produced by a single maximal shock eee 
Ureter ... 1 2 3 6 7 8 9 10 
T 0 0 100 


38 


: TaBue 6. Relative degrees of sensitivity to acetylcholine of top, 
middle and lower sections in ten preparations 
Greatest Moderate Least 


‘Lower 6 
Top 1 1 8 


When the ,? test is applied to this table P<0-001. 


Fig. 3. Fig. 4. 


Fig. 3. Comparative effects of acetylcholine on sections from the top, middle and lower portions 
of the buffalo ureter. At the first arrow a maximum contraction was obtained from all three 
sections by discharging a 20uF condenser through the bath at 300V. At the second arrow 
0-04 mg acetylcholine was added to the bath. Time in 30 sec intervals. 


Fig. 4. Effects on sections from the top, middle and lower portions of the buffalo ureter of adding 
adrenaline, acetylcholine, atropine and Piperoxane to the bath in that order. Arrow 1: 
adrenaline 0-3 mg; arrow 2: acetylcholine 0-5 mg; arrow 3: atropine 2 mg; arrow 4: Piperoxane 
1 mg. The top section was showing vigorous spontaneous contractions which were unaffected 
by any of the drugs except that a great rise in tone limited the shortening that could be 
further achieved by spontaneous contraction. Time in 30 sec intervals. 
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addition of the other drug of the pair produced a further rise in tone. Tone 
could then be restored to normal in two steps by the addition of atropine and 
Piperoxane. Fig. 4 shows a typical result. 


Behaviour of the whole, perfused ureter 

Perfused ureters showed vigorous peristaltic activity, the frequency of the 
waves increasing with increases in perfusion pressure. Waves began at the 
renal end, but pressure rose throughout the organ at the same instant. 
Between waves the ureters were open tubes, and were unable either to sustain 
or to build up any positive difference in basic pressure between bladder and 
renal ends, such fluid as was forced forward by a peristaltic wave running back 
during the subsequent pause (Fig. 5). | 


Fig. 5. Pressures from the upper, middle and lower portions of the whole, perfused buffalo ureter, 
in that order from above downwards. Before and after the arrows the fluid level in the per- 
fusion bottle was 20 cm above the renal end of the ureter; between the arrows this height 


was reduced to 3cm. With each wave pressure rose at the same instant throughout the 
organ. 
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0-1 g of acetylcholine was added to the 10 1. of solution bathing one of the 
ureters. This was followed by a brief period during which pressure at the three 
recording points rose only upon arrival of a peristaltic wave, and during which 
a small positive pressure difference of 3cm water was built up between the 
bladder and renal ends. 

In the case of one preparation showing regular peristaltic waves at 30 sec 
intervals, the following drugs were added successively, and without inter- 
mediate washings, to the 1 1. of fluid in the bath: (a) 100 mg hexamethonium 
bromide, (6) 100 mg hexamethonium bromide, (c) 100 mg hexamethonium 
bromide, (d) 20 mg atropine sulphate, (e) 8 mg Piperoxane, (/) 125 mg pento- 
lintum bitartrate (pentapyrrolidinium bitartrate, May and Baker), (g) 1g 
cocaine hydrochloride. The peristaltic activity was unaffected. 


DISCUSSION 


The increase in muscle mass from upper to lower ends of the buffalo ureter is 
common to various species, and this anatomical gradient appears to be asso- 


ciated with functional gradients in excitability, tone and response to sympa- | 


thomimetic and parasympathomimetic drugs. 

The existence of these gradients suggests that the function of the ureter is 
not that of a simple tube conveying urine from kidney to bladder with the aid 
of peristaltic waves, for since the structural and functional qualities of the 
ureter change from top to bottom, it is necessary to assume that the lower end 


of the ureter has a task somewhat different from that of the upper end. 


A feature of our results is the fact that none of the drugs used had any effect 
upon spontaneous, rhythmical contractions, or upon the effect of electrical 
and mechanical stimulation, but only upon tone. An exception to this is the 
slight stimulating action on the frequency or occurrence of rhythmical con- 
tractions sometimes observed after adrenaline. 

The fact that both sympathomimetic and parasympathomimetic drugs 
increase ureteric tone is at variance with the general rule that the two divisions 
of the autonomic nervous system exert antagonistic effects upon the organs 
they innervate. A possible explanation is that acetylcholine acts by stimulating 
sympathetic ganglia in the ureteric wall, but the facts that acetylcholine can 
produce a tone increase in the presence of Piperoxane, and that both acetyl- 
choline and adrenaline can further increase tone after a maximum effect has 
been produced by the other, are against this assumption. 

Our findings suggest that tone and peristalsis are distinct activities of the 
ureter. The independence of peristalsis from nervous control is shown by the 
fact that it is unaltered in the presence of high concentrations of adrenaline, 
acetylcholine, pilocarpine, ganglion-blocking agents, atropine, Piperoxane and 
cocaine. The effects of adrenaline and acetylcholine suggest that tone, on the 
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other hand, is susceptible to the influence of both branches of the autonomic 
nervous system: 

The increasing effects of and acetylcholine 
top to bottom of the organ suggest that tonic contraction is largely a function 
of the lower half of the ureter. 

Our observations upon the effects of drugs do not accord with those of bier 
- authors working on other animals. Roth (1917) found adrenaline to raise the 
tone in isolated dogs’ ureters, but noted no differences in response from 
different parts. Satani (1919) and Gruber (1930) found the isolated ureter of 
the pig to respond to adrenaline by an increased rate of contraction, but noted 
no effect on tone. Satani found the greatest effect at the = end; eet 
found no difference between top and bottom. | 

A readier response to electrical stimulation and tonaiteaclinat esate at the 
bladder end of the ureter seems inconsistent with the fact that in the intact 
animal, and in the whole, perfused organ, peristalsis is normally initiated at 
the renal end, even when this is not the region of highest pressure. The 
excitability gradient may, however, be related to the mechanism of propagation 
of the peristaltic wave. We have reasoned that peristalsis should be regarded 
as independent of nervous control. Engelmann (1869) and Bozler (1938) have 
suggested that propagation depends upon ureteric muscle being a syncytium. 
Against this is the fact that waves may die out before traversing the whole 
organ, or may be initiated at some point along its course and thence proceed 
only toward the bladder, but not toward the kidney (Gould, Hsieh & Tinckler, 
1955), and also that isolated sections do not always respond to stimulation in 
an all-or-none fashion (Fig. 1), A simple possibility is that contraction of one 
part of the ureter raises the hydrostatic pressure and causes distension in the 
part beyond, so providing a stimulus to further contraction. A similar 
mechanical propagation could also take place in the empty organ, or in an 
isolated strip, particularly if both ends are fixed so that contraction of one part 
necessarily causes some stretch of neighbouring cells. 

The impression of Satani (19195), and many others, that distension of the 
ureter lumen is an adequate stimulus to peristalsis is confirmed by the facts 
that (i) sections of the organ respond to the insertion of glass beads by rhyth- 
mical contraction, and (ii) the rate and vigour of peristalsis in the whole, per- 
fused ureter varies with the head of pressure of the perfusion fluid. If we accept 
this view and agree that the mechanism for propagation of the peristaltic wave 
is mechanical, then the greater excitability of the lower end becomes under- 
standable; with its greater muscle mass and higher tone, the lower end will 
yield less than the upper to a given distending force; and so a greater degree of 
excitability of individual muscle cells is necessary if the wave of contraction 
is not to die out. 


In the whole, perfused uretior the addition of acetylcholine to the bath fluid 
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lumen which opens only when a spindle of perfusion fluid is forced along it by 
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briefly transforms the organ from an open tube into one with a potential 


a peristaltic wave. The pattern of the triple pressure trace is comparable to 
that recorded from the intact animal (Gould et al. 1955). We conclude that the 
behaviour of the isolated ureter differs from that of the intact ureter primarily 
because of lack of tone, and suggest that adequate tone i is dependent upon the 
nerve supply. 

SUMMARY 


1. Sections from the top, middle and bottom of water-buffalo ureters have 
been mounted together in one bath containing Krebs’s bicarbonate solution. 
Observations have been made upon spontaneous activity, response to 
mechanical and electrical stimulation, response to drugs, and upon anatomical 
differences between the three sections. 

2. Whole ureters from water-buffalo have been mounted in and perfused 
with Krebs’s bicarbonate solution, and simultaneous pressure records made 
from three points along their length. 

3. Muscle mass, tone and sensitivity to electrical stimulation increase from 
top to bottom. Tone is increased by both adrenaline and acetylcholine, the 
effects of which increase from top to bottom. 

4. Peristaltic activity is unaffected by adrenaline, acetylcholine, pilocarpine, 
atropine, Piperoxane, hexamethonium bromide, pentolinium bitartrate or 
cocaine. The adequate stimulus to peristaltic activity is distension of the lumen. 

5. We suggest that the upper and lower ends of the ureter face different 
tasks; that tone is under the influence of both divisions of the autonomic 
nervous system; that peristalsis is independent of nervous control; and that 
the peristaltic wave is mechanically propagated. 
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THE BEHAVIOUR OF THE INTACT URETER IN DOGS, 
RABBITS AND RATS 


By D. W. GOULD, A. C. L. HSIEH anp L. F. TINCKLER 


From the Departments of Physiology and Surgery, 
University of Hong Kong 


(Received 11 November 1954) 


To complement the study on the isolated buffalo ureter reported in the pre- 
ceding paper (Gould, Hsieh & Tinckler, 19552) an investigation has been made 
on the behaviour of the intact ureter in dogs, rabbits and rats. 


METHODS: 


tices tracings were made in experiments on sixteen dogs anaesthetized with intravenous 
sodium pentobarbitone (Nembutal 50 mg/kg). The abdomen was opened by a mid-line incision 
from top to bottom, and the abdominal contents packed away from one or other ureter. Simul- 
taneous pressure records were obtained from each third of the ureter, or from two points on the 
ureter and from the bladder. To record pressures from the ureter, hypodermic needles sealed to 
fine polythene tubing were thrust into the lumen. The tubing was attached to Statham strain- 
gauge manometers, and these were connected to a Sanborn ‘Poly-Viso’ physiologicai recorder. 
Bladder pressure was recorded from a catheter inserted through the urethra. In four dogs the 
bladder was opened and the discharge of urine from the ureteric orifice was observed and signalled. 
When diuresis was required, 5% dextrose solution was given by rapid intravenous drip. Bladder 
pressure was varied either by manual compression or by emptying and filling by way of a wide- 
bore needle thrust through the wall. The flow of urine down the ureters of nine dogs, eleven rabbits 
and two rats were observed after intravenous injection of indigo carmine, 


RESULTS 
Pressure records from the dog 


Pressures recorded from three points on the ureter. Pressure patterns from each 
of three points were often found to differ sharply from one another, both in 
respect to basic pressure (that is the pressure existing between peristaltic 
waves) and in respect to the rise of pressure caused by passage of a peristaltic 
wave. Basic pressures mostly fell within a range of 0-30 cm water, and wave 
amplitudes ranged from 4 to 70 cm water. The general pattern of the triple 


trace also varied greatly between animals, and in the same animal from time to 
time (Text-fig. 1). 
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Despite these variations, two main patterns were recognizable. In the first 
a regular series of peristaltic waves originating at the upper end of the ureter 
caused a rise in pressure at successive needle points, the pressure at each needle 
returning to its original level between waves (through pattern). In the second, 
each of a regular series of waves in the top section produced a small peak and a 


Text-fig. 1. Pressure tracings from upper, middle and lower thirds of a dog’s ureter in that order 
from above downwards, showing how basic pressure, and also wave amplitude, form and 
frequency may vary from part to part and from time to time. 


slight rise of basic pressure further down the ureter. When the basic pressure 
in the lower part reached a certain level, a large contraction occurred in this 
part, folowing which the basic pressure fell, and the pattern was then repeated 
(segmental pattern) (Text-fig. 2). 

In the absence of diuresis, basic pressure was often lowest at the upper end 
and highest at the lower end, but basic pressure was sometimes zero at one, 
two, or all three needle points. 

Effect of diuresis. When a rapid intravenous infusion of 5% dextrose solution 
was used to produce diuresis, a segmental pattern was often converted into a 
through pattern. If, before diuresis, the basic pressure was higher at the 


bottom end of the ureter than at the top end, the increase in urine flow some- 


times reversed this relationship (Text-fig. 3). In general, both basic pressure 
and frequency and amplitude of waves increased with an increase in urine flow. 
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_ A burst of peristaltic activity could always be produced by injecting a little 
water into the lumen of the ureter through the recording needle. 
Relationship between wave patterns and discharge of urine from the ureteric 
orifice. If a ureter showed a segmental pattern, urine escaped from the ureteric 
orifice only when a large pressure wave occurred in the lower end of the organ. 
As many as twenty large, even waves might occur in the upper part of the 
ureter for every large wave at the lower end capable of producing a discharge 
of urine. When a through pattern was recorded, each wave running from top to 
bottom of the organ produced a discharge (Text-fig. 2). 


Text-fig. 2. Pressure tracings from upper, middle and lower thirds of dog’s ureters in that order 
from above downwards. A and B are from the same dog and the bladder had been opened 
for discharge of urine to be observed. Vertical dashes mark escape of urine from ureteric 
orifice. A shows a through pattern, and urine enters bladder with each wave. B shows a 
segmental pattern, urine being fed into lower two-thirds from upper one-third and entering 
bladder only with contraction of lower end. C is from another dog showing a segmental 
pattern, the basic pressure at the lower needle being flat at zero between waves indicating 
that at this point the ureter is closed except at the passage of a spindle of urine. 


Effect upon ureteric activity of altering bladder pressure. Resting bladder 
pressures were from 5 to 6cm water. Micturition produced an intravesical 
pressure of 50cm water or more. Raising the bladder pressure within this 
range, either by manual compression or by distension with water, produced an 
effect on ureteric pressure patterns proportional to the pressure in the bladder 
and the rate of urine formation. The typical response in the ureteric tracing was 
a rise in basic pressure and an increase in the height and frequency of the 


peristaltic waves. The effect was generally greatest in the lower part of the 
ureter. 
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In several animals a rise of 10-15 cm water in the basic pressure at the lower 
end of the ureter occurred without any change in the trace recorded from the 


upper end. The upper end sometimes showed a smaller and delayed rise in 


basic pressure, and sometimes an increase in amplitude of peristaltic waves 
without _— of basic pressure (Text-fig. 4). 


Text-fig. 3. Pressure tracings from upper, middle and lower thirds of a dog’s ureter in that order 
from above downwards. Between the arrows 150 ml. of 5% dextrose was given by rapid 
intravenous drip, and the heavy diuresis so produced caused a rise in basic pressure in the 
upper two-thirds of the organ and stimulated peristalsis. 


The increase in basic pressure at the lower end occasionally was as high as 
40 cm water, but commonly measured about one-fifth of the rise in bladder 
pressure. It was never sufficient to make ureteric basic pressure and bladder 
pressure equal. 

When urine production was small a rise in bladder pressure maintained for 
several minutes had only a delayed and mild effect upon the ureter, but when 
urine was produced rapidly the ureteric response was considerable and 
immediate. 

Placing a bulldog clip on the lower end of the ureter produced = same 
effect on pressure patterns as a raised bladder pressure, except that a clip 
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always caused basic pressure to rise at all three needle points, and the final 
pressure attaineil was the same throughout the organ. A similar picture was 
obtained if a bladder pressure of 30-50 cm water was produced while the rate 
of urine production was very high (Text-fig. 4). 

We have confirmed the observation of Satani (1919) that it is impossible to 
cause urine to flow into the ureters from the bladder because of the flap-valve 
form of the ureteric orifices, — 


Text-fig. 4. Pressure tracings from upper and lower halves of the ureter in dogs to show the 
effect upon ureteric activity of a raised bladder pressure. In A the horizontal line marks a 
period during which the bladder was contracting spasmodically in an attempt to force urine 
past an indwelling catheter and producing intravesical pressures of over 50cm water. The signal 
in B marks a period during which bladder pressure was maintained at 50 cm water by manual 
compression. C is the same manoeuvre in the same animal a little later during a period of 
extreme diuresis. In D the single line marks a period during which bladder pressure was raised 
from 7 to 20 cm water by inflation, and the double line a period during which a 50 cm pressure 

was maintained by compression. 


: 
{ 
cm 
H,0 
40 
20 
q 0 
40 
20 
0 
40 
20 
0 
if 
ip 
i | 
| 40 
A 
20 
i 
i 
0 
| 
| 


& @ 


BEHAVIOUR OF THE INTACT URETER 441 


Observations on the passage of dyed urine along the ureter 

No differences were noted between dog, rat and rabbit. Urine travelled 
from renal pelvis to bladder by two main methods. In the first, spindles of 
urine periodically appeared at the upper end of the ureter and passed straight 
down in front of a peristaltic wave to escape into the bladder; in the second, 
two or more pools of urine formed along the length of the ureter, the pools 
receiving spindles from above and discharging spindles from their lower ends 
(Pl. 1, figs. 1-3). | 

One method would sometimes give way to the other spontaneously, but 
when urine was travelling straight through in spindles, a pool pattern could 
always be produced by raising pressure in the bladder or by increasing the rate 
of urine production. 

The common sites for pooling were at the upper end of the ureter immedi- 
ately below the renal pelvis, and in the lower third of the organ. The lower pool 
might reach the bladder wall, but often the portion of ureter next to the 
bladder remained closed. A pool sometimes formed about half-way down the 
ureter, or the lower pool might occupy the entire lower three-quarters. 
Occasionally in the rabbit the whole ureter was filled with urine, but this only 
occurred towards the end of an experiment after the ureter had been exposed 


for some time. Apart from such occasions, or the complete obstruction of the 


flow of urine into the bladder, an otherwise full ureter always showed a closed 
portion, 5-10 mm in moe: between a large lower pool and a small upper one 
(Pl. 1, fig. 4). 

The upper pool has appeared to be continuous with the cavity of the 
renal pelvis, but sometimes a narrow band of closed ureter was visible between 
the two. The upper pool could be seen to fill either steadily or intermittently, 
and if there was a visible division between pool and pelvis, small urine spindles 
were seen to run from pelvis to pool at comparatively frequent intervals. 

When filling had reached a certain stage a spindle of urine broke away from 
the lower end of the upper pool, driven downwards by a peristaltic wave which 
appeared to originate at this point, or else the entire pool moved downwards 
as a spindle. 

This spindle then entered the lower pool. Often the peristaltic wave died 
out at this point, and as many as ten or a dozen waves might bring spindles 
from upper to lower pool without proceeding further. Finally one of the waves 
bringing a spindle from the upper pool would carry on over the lower pool, to 
produce a vigorous contraction of the lower portion of the ureter, and to drive a 
greater or lesser part of the contents of the lower pool through into the bladder. 

Occasionally the wave responsible for this discharge of urine from the lower 
pool appeared to originate at the level of the pool itself, and not to result from 
a wave arriving from above. 
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Following a contraction of the lower part of the ureter, the lower pool lost 
perhaps half its contents, and it then refilled by stages as the cycle was repeated. 
Complete emptying did not occur unless a change was taking place from the 
pool pattern to the through spindle pattern. 

With high rates of urine production, the spindles sent down from the upper 
pool were larger, and-the peristaltic waves propelling them more vigorous. 
Under these circumstances, each wave travelled the length of the ureter, the 
spindle from the top entered the lower pool, the lower part of the ureter con- 
tracted, and an equal quantity of urine was forced into the bladder. The size 
of the lower pool thus remained unaltered by the passage of the wave. 

When the lower end of the ureter contracted most of the lower pool was 
obliterated, the urine was forced into the extreme end of the organ, and part 
of it escaped into the bladder. With relaxation the remaining urine ran back 
into the lower pool position. Antiperistalsis was never observed, but this run- 
back, particularly when the residuum was large, looked confusingly like anti- 
peristalsis, and even resembled reflux from the bladder. 

Occasionally, particularly in the case of a third pool at the middle of the 
ureter, a peristaltic wave was seen to run across a pool, detaching a spindle 
from its lower end, but not obliterating the lumen in its passage. 

In one dog bladder pressure was maintained at 20cm water for several 
minutes. Through spindles of urine were none the less discharged into the 
bladder. Micturition then occurred with a further rise of bladder pressure, a 
pool formed at the lower end of the ureter, and discharge of urine from ureter 
to bladder continued during contraction of the bladder. A similar passage of 
urine into the bladder despite raised pressure was observed in several dogs and 
rabbits. 


: DISCUSSION 

Lucas (1906) simultaneously recorded the pressure from two points on the 
ureters of dogs by inserting a cannula through the kidney substance into the 
renal pelvis and by introducing a T-tube through a slit made half-way down 
the organ. He recorded frequent, small waves from the pelvis; slow, larger 
waves from further down. This is the only previous work we know of in which 
an attempt has been made to measure ureteric pressures while allowing free 
drainage into the bladder. Later workers have recorded ureteric pressures by 
means of a catheter thrust up the lumen, the catheter being connected to a 
recording apparatus which presents a fixed and arbitrary resistance to the 
escape of urine (Trattner, 1932). It is evident that patterns recorded by such an 
arrangement can give little information about the normal activity of the 
ureter since the ureter above the catheter tip has the unnatural task of forcing 
urine down the catheter and through the machinery, whilst its natural task is 
to pass on urine to the piece of ureter next below it. Our method is an attempt 
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to measure ureteric pressures while interfering as little as possible with normal 
function. 

Fuchs (1936a, 6) observed urine dyed with indigo carmine passing down the 
ureters of rabbits. When the bladder was allowed to drain through a catheter, 
he found urine to pass right through the ureter in spindles, but when the 
bladder was allowed to fill, or when the rate of urine production was high, he 
found that as much as the lower three-quarters of the ureter became filled with 
residual urine. There were sometimes two or three areas of residual urine, 
which he labelled ‘cystoids’. The intervening closed portions of ureter he 
described as functional sphincters. 

Fuchs referred to the formation of ‘cystoids’ as an ‘opening reflex’, and to 
their disappearance as a ‘closing reflex’. He assumed that these ‘reflexes’ 
were controlled by afferents from the bladder, and that ‘cystoid’ formation 


_ enabled the ureter to force urine into the bladder against resistance. He as- 


sumed that pressure was higher in each succeeding ‘cystoid’, and that in the 
lowest ‘cystoid’ it was high enough to overcome bladder pressure, but stated 
that he was unable to confirm this idea by measurement since the insertion of a 
ureteric catheter would break down the system. He could not demonstrate 


the mechanism in dogs, but claimed to have observed it radiologically in 


humans. 

Our observations upon the passage of dyed urine thus broadly confirm those 
of Fuchs, but differ in several important details. Fuchs does not report the 
progressive filling of a pool by spindles from above. The through spindle 
pattern was not, in our experience, limited to animals with freely draining 
bladders, Fuchs reports occasional reflux of urine into the ureter from the 
bladder in dogs, and occasional antiperistalsis in rabbits. These we never 
observed, and suspect that Fuchs was confused by the appearance of a run- 
back from the lowermost part of the ureter. We observed pooling in dogs and 
rats as well as in rabbits. 

The pressure patterns obtained from dogs may be interpreted in terms of the 
observed movement of dyed urine. The pattern shown in Text-fig. 2, in which 
regular peristaltic waves in an upper section of the ureter accompany a rising 
basic pressure and a final large contraction lower down, is consistent with an 
upper pool feeding into a lower pool which finally empties part of its contents 
into the bladder. 

The fact that an increased urine flow might convert a triple pressure trace 
showing a segmental pattern into one showing a through pattern is consistent 
with our observation that with diuresis, larger spindles ran from upper to 
lower pool, and each caused contraction of the lower part of the ureter, the 
peristaltic wave running straight through from top to bottom. 

Triple traces showing through patterns in which flat base lines at zero 
pressures were recorded from each needle point between waves are consistent 
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with the through passage of a spindle of urine from renal pelvis to bladder in an 
otherwise closed ureter. 

Both pressure patterns and direct observation make it plain, therefore, that 
the ureter handles urine in two distinct fashions. Fuchs, as has been noted, 
believed that pool formation enabled the ureter to pump urine into the bladder 
against resistance, and it is true that either raising bladder pressure or in- 
creasing urine flow (both of which increase the work the ureter has to do) will 
bring about pool formation. Several questions, however, remain to be 
answered: what is the mechanism of pool formation; how does pool formation 
increase the power of the ureter as a pump; and under what physiological, as 
opposed to experimental, circumstances is there a call for this extra power? 

It is unnecessary to postulate a reflex mechanism to explain lower pool 
formation. A peristaltic wave of given vigour will produce enough energy to 
force a given quantity of urine into the bladder against a given resistance. If 
either the quantity of urine, or the resistance to its onward passage become 
-too great, the peristaltic contraction will succeed in ejecting none or only a 
part of the urine, and with the relaxation of the wave a quantity of urine will 
be left in the ureter. A succeeding wave, bringing another spindle, will meet 
muscle in the region of pooling which is already stretched by the residual urine, 
and it seems reasonable to suppose that the ureter, like the heart, will contract 
with greater vigour if its muscle is already stretched to some degree. Increasing 
the rate at which urine enters the ureter, or the resistance to its onward passage, 
will thus automatically bring about pooling and an increased vigour of peri- 
staltic contraction until a new balance is struck between inflow and outflow. 

Although raised bladder pressure or diuresis can thus be seen to give cause 
for the formation of a pool at the lower end of the ureter, they can scarcely 
account for the formation of upper and middle pools, or for the fact that 
peristaltic waves may carry urine as far as an upper, middle or lower pool 
without proceeding further. A possible explanation is that pool formation at 
the lower end of the ureter is accompanied by a general increase in the tone of 
the organ. We have no direct evidence of this, but an increase in tone would 
provide greater resistance to the discharge of urine from the upper half of the 
ureter and so encourage upper pool formation. Furthermore, tone in the 
ureter appears to increase from above downwards (Gould et al. 1955a), so that 
if propagation of a peristaltic wave is dependent upon distension of the 
lumen by the descending spindle of urine, it is possible that a spindle descending 
a ureter in a high state of tone will reach a point at which the force propelling 
it is insufficient to distend the lumen ahead, with the result that the wave dies 
out. 

So much is speculation, but there is evidence that tone does play an im- 
portant part when pools exist. Text-fig. 4 illustrates how raising bladder 
pressure may produce a rise in basic pressure at the lower end of the ureter 
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while leaving the upper end either unaffected, or affected to a lesser degree. 


Such a tracing is consistent with the direct observation that a constriction may 


be maintained between an upper and a vigorously contracting lower pool, 
and with the idea that the closed section resists the backward flow of urine 
from the lower region of higher pressure in the periods between peristaltic 
contraction. 

The nephrons are thus protected from the high basic pressures which may 
arise at the lower end of the ureter when the pool mechanism is in operation, 
and the protective factor must be the tone in the ureter separating areas of 

pooling. 

The fact that basic pressure may rise and follow an identical pattern through- 
out the ureter if bladder pressure is raised during a period of very rapid urine 
secretion, is consistent with the idea that under such extreme conditions 
ureteric tone is incapable of maintaining a division between upper and lower 
ends. 

Experiments on the isolated ureter of the water-buffalo (Gould et al. 1955a) 
suggest that in this animal tone is under the influence of both divisions of the 
autonomic nervous system, while rhythmical contractions are regulated 
largely by mechanical stimulation, specifically distension of the lumen. In 
intact animals, peristaltic activity runs parallel with the rate of urine pro- 
duction and can be induced or increased by distending the lumen with fluid. 
The measurement of tone in the intact animal presents difficulties which we 
have not yet overcome. Basic pressure is not an index of tone, for although it 
may be expected to vary with the tone of the organ, it also depends upon the 
rate of inflow and the resistance to outflow of urine. We have, therefore, not 
yet obtained any evidence concerning the influence of the nervous system on 
tone in the ureter of the intact animal. If it is accepted,. however, that our 


- findings for the isolated ureter of the water buffalo may be applied to the in- 


tact ureters of other animals, then it is likely that autonomic nerves regulate 
tone to suit the manner in which urine is being handled; and pressure measure- 
ments from the intact ureter suggest that an increase in tone is called for when 
a lower pool is pumping urine into the bladder against a high resistance. To 
this extent a reflex element may enter into pool formation. It would be 
reasonable to search for appropriate afferent fibres running from the bladder, 
and perhaps from the ureter itself. : 

The role of tone in preventing high pressures at the lower end of the ureter 
from being transmitted upwards gives point to the findings that in the isolated 
ureter tone increases from above downwards, and that autonomic drugs exert 
their maximum effect upon tone through the muscle of the lower end. 

The ureter may continue to force urine into the bladder during micturition, 
but it is unlikely that an elaborate mechanism exists solely for ensuring the 
onward passage of urine during so brief and occasional an event. It is also 
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difficult to accept the idea that a physiological mechanism exists specifically 
to cope with a high rate of urine production, since this is scarcely a normal 
state of affairs. Diuresis is common in man because he drinks quantities of 
fluid in excess of his requirements, water being a vehicle for several gratifying 
drugs and flavours. Other animals drink only what they need to maintain 
fluid balance, and do not fill their stomachs with water, merely to void it from 
the bladder within the hour. We have been able to show (Gould ¢ al. 19555) 
that bladder pressures vary greatly with posture, and that in man, intravesical 
pressures of 20-40 cm water are likely to exist throughout the working day. 
This, we believe, is why the mechanisms here described exist. 


SUMMARY 


1. Pressures were recorded simultaneously from three points on the ureters 
of dogs through hypodermic needles inserted into the lumen. In some dogs 
the issue of urine from the ureteric orifices was observed; in others bladder 
' pressures were recorded together with pressures from two points on the 
ureter. 

2. Observations were made upon the passage of urine, dyed with indigo 
carmine, along the ureters of dogs, rats and rabbits. 

3. Both methods show that urine may either travel straight through the 
ureter in spindles propelled by peristaltic waves, or that pools of urine may 
form along the ureter, which receive urine from above and discharge it down- 
wards after reaching a certain stage of filling. Pooling occurs with diuresis 
or raised bladder pressure. 

4. We conclude that pool formation increases the vigour of — 
contractions and enables the ureter to do more work. 

5, Pressures developed in pools at the lower end of the ureter are not trans- 
mitted to the upper end because of the tone of the intervening muscle. 

6. We suggest that pool formation is dependent primarily upon mechanical 
factors, but that an accompanying increase in ureteric tone is reflex in origin 
and is due to stimulation of end organs in the bladder and perhaps in the 
ureter itself. 
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EXPLANATION OF PLATE 
Photographs of urine dyed with indigo carmine in the ureters of rabbits. 


Fig. 1. Upper and lower pools exist. There was no movement in the ureter at the moment the 
picture was taken. 

Fig. 2. A spindle of urine is travelling between an upper and a lower pool. 

Fig. 3. A spindle of urine is treveling from renal pelvis to bladder straight down an otherwise 
empty ureter. 

Fig. 4. The ureter is almost filled with urine but a small constriction remains between an upper 
pool and a very large lower pool. 
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THE EFFECT OF POSTURE ON BLADDER PRESSURE 


- By D. W. GOULD, A. C. L. HSIEH anp L. F. TINCKLER 
From the Departments of Physiology and Surgery, University of Hong Kong 


(Received 11 November 1954) - 


During the course of an investigation into the behaviour of the ureter (Gould, 
Hsieh & Tinckler, 1955a, b), it became apparent that this organ is adapted to 
the task of feeding urine into the bladder against a considerable resistance, and 
also of protecting the kidney against high pressures developed at its lower end. 

The necessity for these functions remained obscure, since we shared the 
common view that bladder pressure remains low, except during micturition, 
by virtue of the power of adaptation shown by the muscle of the bladder wall 
in the face of filling (Denny-Brown & Robertson, 1933). These authors found 
that resting vesical tension at moderate volumes varied from 5 to 10 cm of 
water, and came to regard this range as the normal pressure of the vesical 
contents. Lapides (1948) states that in the normal individual intra-abdominal 
and intravesical pressure are approximately constant. 

It then occurred to us that investigations into bladder pressures have always 
been carried out on animals or human subjects who were lying down. It 
seemed probable that a change of posture such as would cause the bladder to 
bear the weight of the intestines would necessarily produce a rise in intra- 
vesical pressure. | 

As a simple preliminary experiment to test this view, a long glass tube was 


attached to a catheter which had been passed into the bladder of an elderly 


man for another purpose. Taking the symphysis pubis as an arbitrary re- 
ference point, it was found that urine rose in the tube to a height of 6 cm when 
the patient was lying down, and to a height of 36 cm when he stood up. 


We therefore undertook an investigation into the effect of posture on bladder 
pressure. | 


METHODS 


We acted as our own subjects and enjoyed, in addition, the help of two volunteers. A stretcher 
was fixed to a length of piping so that it could be swung vertically through 360°. The subject 
swallowed a small latex rubber balloon attached to a length of rubber tubing. He was then secured 
to the stretcher (as it lay horizontal) by a harness, and by having his feet bound to a foot-board. 
A catheter was passed into the bladder. A stethograph was fixed around the chest. 
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Pressures from bladder, stethograph and the balloon in the stomach were recorded by Statham 
strain-gauge manometers fixed to the side of the stretcher and connected to a Sanborn *Poly- 
Viso’ physiological recorder. The manometer recording bladder pressure was placed so that it lay 
to the side of the subject along the horizontal axis of the bladder. Thus manometer and bladder 
were both at the same level, whatever the tilt of the stretcher. 

Intravesical and intragastric pressures and respiratory movements were then recorded with the 
subject in positions varying from upright to upside down. 


'ntragastric pressure 


intravesical pressure 


= 


< 


w 


Fig. 1. The effect upon intravesical and intragastric pressures of tipping the subject from the 
horizontal to the upright position and back again. Pauses were made at tilts of 30, 60, and 
90°. Speed of trace: one small square in 2 sec. 


RESULTS 


Bladder pressures in the supine position varied from person to person and 
ranged between 6 to 15cm water. Upon tilting from the horizontal to the 


vertical position, pressure in the bladder rose progressively; much the greater — 
part of the total rise having occurred by the time a tilt of 60° was achieved. 


The increase varied with each subject, ranging between 14 and 25 cm of water. 
Final pressures varied from 22 to 40 cm of water. There was a coincident slight 
fall in intragastric pressure (Fig. 1 and Table 1). 

Tilting to the head-down position caused a rise in intragastric pressure and 
a sharp drop in the pressure recorded from the bladder. In the four subjects 
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who were tilted in this direction to the full 90° recorded bladder pressure fell 
below zero (Fig. 2). ‘ 

Bladder pressure was recorded in one subject while he sat upright with legs 
hanging over the edge of the stretcher. This position resulted in a rise of 
pressure similar to that produced when the same subject was tilted into the 
upright position (from 6 up to 22 cm of water). 


TaBLE 1, Bladder pressure from five subjects recorded in the 


horizontal and upright positions 
Bladder pressure in cm of water 
Subject Horizontal Upright Increase 
1 6 22 16 
2 9 23 14 
3 10 32 22 
4 12 36 24 
5 15 40 25 


Fig. 2. The effect upon intravesical and intragastric pressures of tipping the subject through 90° 
from the horizontal to the head down position and back again. Speed of trace: one small 
square in 2 sec. 


An incidental finding concerned the effect of respiration on intra-abdominal 
pressure. In two of our subjects deep breathing in the upright position caused 
an appreciable fall in intra-abdominal pressure; the fall being coincident with 
inspiration (Fig. 3). This effect had been noticed also at the time of the original 
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experiment on the elderly hospital patient. In the remaining three subjects, 
and in all subjects when lying down, inspiration caused the expected rise in | 
intra-abdominal pressure. 


Fig. 3. The effect of normal deep breathing upon the intragastric and intravesical pressures of 
one of the subjects when upright. Speed of trace: one large square in 2 sec. 


DISCUSSION 


The fact that intragastric pressure does not rise, but falls slightly, as the body 
becomes upright shows that the increased pressure recorded from the bladder 
is a true rise of intravesical pressure, and not merely a rise of intra-abdominal 
pressure. The most likely explanation for this increase in bladder pressure is 
that in the upright position the bladder has to bear the weight of the intestines. 
This idea is supported by the fact that an increase in intragastric pressure 
occurs when the body is tilted head down. Part of the sharp fall away of 
bladder pressure recorded in the head down position is probably an artifact, 

and due to the urine in the bladder weighing the fundus down below the level 
of the recording manometer. 
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One of our subjects was a woman 28 weeks pregnant. Her bladder pressure 
when lying down was 15 cm of water as against 40 cm when upright. These 
pressures are only slightly higher than those achieved by the nearest male 
subject (12 and 36cm of water respectively). It does not seem, therefore, 
that the pregnant uterus adds very dramatically to the weight borne by the 
bladder, although further measurements in pregnant women are obviously 
needed. 

From these observations it follows that for the better part of the 24 hr, the 
ureters are faced with the task of feeding urine into the bladder against an 
appreciable resistance; and the role of the ureters in securing an efficient 
drainage of urine from the kidneys is perhaps a more active one than is 
commonly envisaged. 

An upright animal like man will rest his intestines upon the bladder more 
consistently than the four-footed beasts; but quite a small tilt is sufficient to 
raise bladder pressure appreciably, and it seems reasonable to suppose that a 
squatting dog, or a sheep grazing on a slope, tail to the valley, will experience 
a sustained rise of bladder pressure sufficient to make it. necessary that their 
ureters also should be organized to work against resistance. 

Since standing up causes this large rise in bladder pressure, and yet does not 
ordinarily produce a desire to micturate, it must be assumed that distension 
rather than a high intravesical pressure is the adequate stimulus to bladder 
contraction. The two must be distinguished. 

The finding that in certain subjects deep breathing in the upright position 
produces a sharp fall in intra-abdominal pressure is an interesting one. We are 
experimenting further in the matter. Meantime, it would seem necessary to 
qualify the statement that inspiration raises the intra-abdominal pressure. 


SUMMARY 

1. Intravesical and intragastric pressures, together with respirations, have 
been recorded in five human subjects in various postures. 

2. Moving from the horizontal to the upright position produces a two- to 
threefold rise or more in bladder pressure. 
_ 3. This rise in bladder pressure is probably due to the weight of the 
abdominal contents bearing upon the organ. 

4. The fact is noted that in certain persons in the upright position, deep 
inspiration causes a sharp fall in intra-abdominal pressure. 


It is a pleasure to acknowledge our debt to a colleague and to the wife of one of us who so 
cheerfully acted as additional subjects. 
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CHOLINESTERASE AND AMINE OXIDASE IN THE SKIN: 
A HISTOCHEMICAL INVESTIGATION 
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A considerable amount of work has been done on the enzyme systems present 
in human and animal skin (Robert & Strehler, 1945) but much less is known 
about the distribution and localization of these systems amongst the com- 
ponents of the integument. In view of the evidence concerning chemical 
transmission in neuro-effectors, including those of the skin, it seemed desirable 
to augment the sparse information which exists on the distribution of cholin- 
esterases and amine oxidase in this tissue. i 

In both human and cat skin the innervation of the sweat glands is derived 
from postganglionic sympathetic fibres, but whereas most of these fibres are 
adrenergic, those of the sweat glands are cholinergic, i.e. they release acety]- 
choline on stimulation (Dale & Feldberg, 1934). However, the peculiarity of 
this arrangement made it a possibility that this difference might manifest 
itself by the release of a chemical transmitter not identical with acetylcholine, 
but possibly of another ester of choline, and that this ester determines the 
substrate specificity of the cholinesterase in the nerve endings. If the trans- 
mitter were, for example, propionylcholine, a substance which has been shown 
to occur naturally in some tissues (Banister, Whittaker & Wijesundera, 
1953), then the results of Dale & Feldberg would have been substantially 
similar to those they obtained, but the characteristics of the cholinesterase 
required to inactivate this choline ester in vivo would be those of a non- 
specific pseudo-cholinesterase rather than of specific or true cholinesterase 
which is usually associated with cholinergic nerve endings. In this connexion 
it is interesting to note that Ord & Thompson (1951) have described a cholin- 
esterase with a high degree of specificity for the hydrolysis of propionylcholine. 

A further peculiarity which made it desirable to investigate skin with 
regard to the behaviour and location of its cholinesterases was the fact that 
denervation of the sweat glands in man and cat does not produce a super- 
‘Sensitivity of these glands to acetylcholine; on the contrary their sensitivity 
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to acetylcholine decreases although it has been shown in the cat (Hellmann, 
1952a) that the cholinesterase of the nerve fibres of the sweat glands disappears 
after denervation. It has not yet been shown whether the same holds true for 
man, although very probably it does. 

Nothing definite appears to be known with jean to the physiological 
characteristics of fibres innervating hairs and sebaceous glands. It was also 
of interest to establish whether the arrector pili muscles or the cutaneous 
receptors contained either amine oxidase or cholinesterase. As far as amine 
oxidase is concerned there has been only one published account of work on this 
enzyme in skin (Zeller, Kocher & Maritz, 1944) and since in this work the 
authors used the fluid from cantharidin-induced blisters it seemed desirable 
to re-investigate the occurrence of this enzyme in skin. 

The investigations on amine oxidase were prompted by a further considera- 
tion. It is known (von Kuler, 1951) that the transmitter released by adrenergic 
neurones is noradrenaline or a mixture of noradrenaline and adrenaline. It is 
not known with certainty how these substances are inactivated in vivo. Burn 
& Hutcheon (1949) have put forward the suggestion that there is at the 
endings of adrenergic nerves an enzyme, amine oxidase, which is responsible 
for this inactivation. According to this theory amine oxidase ought to be 
present in structures which are innervated by adrenergic nerves and possibly 
absent from structures not so innervated. As has been pointed out the in- 
nervation to the sweat glands of man and cat is cholinergic, but in other 
species, notably the horse, the pharmacological evidence (Muto, 1916; 
Langley & Bennett, 1923; Feldberg, 1925; Evans & Smith, 1954) indicates an 
adrenergic innervation. The sweat glands of the horse should therefore show 
amine oxidase activity, whereas those of man and the cat should not. 

With the availability of a convenient and reproducible histochemical test 
for amine oxidase (Blaschko & Hellmann, 1953) it became possible to study 
the distribution of the enzyme in the skin in greater detail. 

Previous work on the cholinesterases and amine oxidase of skin (Thompson 
& Whittaker, 1944; Zeller et al. 1944; Ord & Thompson, 1950; Magnus & 
Thompson, 1954) was done on extracts and breis and could therefore give only 
little indication as to the location of these enzymes. The investigations re- 
ported here have been carried out by means of histochemical techniques, 
which avoid macerating the tissues under investigation. 


METHODS AND MATERIALS 
Fragments of skin were obtained from rats, guinea-pigs, cats, dogs, horses, monkeys and men. 
The fresh material was examined as rapidly as possible. Sections of about 15-20 u thickness were 
cut on the freezing microtome. 
The histochemical methods used were those of Koelle (1950) for cholinesterase, and of Blaschko 
& Hellmann (1958) for amine oxidase. True and pseudo-ch t were distinguished by the 
fact that pseudo-, or non-specific, cholinesterase hipdeokynes both acetyl- and butyrylthiocholine, 
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whereas the true, or specific, will not hydrolyse butyrylthiocholine to any appreciable extent. 
In the cat, where the sensitivity to DFP of both types of cholinesterase has been worked out 
(Koelle, 1950), the two types of enzymes were also distinguished by differential inhibition with 
diisopropylfluorophosphonate (DFP). 

Sections were examined routinely with haematoxylin and eosin to ascertain their structural 
components. 


RESULTS 
Cat 


Cholinesterase. The results have already been briefly described (Hellmann, 
1952a). The nerve endings surrounding the sweat glands of the hairless pads 
gave a strong positive reaction for cholinesterase, but the ducts showed com- 
plete absence of cholinesterase activity. The enzyme is distributed on the 
surface of the gland in association with the nerve fibres, and on denervation 
all cholinesterase activity disappears. The skin from the thigh shows no signs 
of cholinesterase activity. : 
_ In the skin, pre-incubation with 10-*m-DFP completely inhibits the reaction 
for cholinesterase, whereas the same concentration of DFP will not abolish 
the cholinesterase activity of the motor end-plates of the cat diaphragm 
(Koelle, 1950; Hellmann, 19526). On the other hand, incubation with butyry]l- 
thiocholine gives a positive reaction for non-specific pseudo-cholinesterase 
only after 120-150 min of incubation. 

Amine oxidase. Skin from the hairless pad showed definite but extremely 
slight activity. There was a very pale yellow coloration of the sweat glands 
which was not intensified by further incubation. No staining was seen in the 
ducts or elsewhere in the section, nor in sections of the skin of the thigh. 

Dog 

Cholinesterase. In the dog, where the normally innervated skin only was 
investigated, sections from the hairless pad of the foot revealed large coiled 
sweat glands (PI. 1, fig. 1) which stained readily and deeply for cholinesterase 
with acetylthiocholine. With butyrylthiocholine as substrate (Pl. 1, fig. 2) an 
almost equally marked hydrolysis took place. In fact, whereas some 150 min 
were required to give adequate staining of the sweat glands with this substance 
in the cat, those of the dog stained well within 20 min. The conclusion is, 
therefore, that in the dog the cholinesterase of the sweat glands is pre- 
dominantly of the non-specific type of pseudo-cholinesterase. 

The appearance of the stained sweat glands in the dog differed also in another 
aspect from that of the cat. The staining was in the cytoplasm of the glandular 
epithelium and not in the nerve fibres surrounding the glands. The nuclei also 
gave an intense reaction. 

Sections from the thigh gave no reaction with either of the substrates. 
Occasionally a hair follicle appeared to have stained, but this finding was not 
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consistent. The large sweat glands which are present on this skin show no 
evidence of cholinesterase activity. 

Amine oxidase. No demonstrable activity was found either in the skin of 
the hairless pads of the foot or in that of the thigh. 


Rat 


Cholinesterase. The pads of the feet and skin from the thigh were examined. 
The pads have sweat glands shown to be functional (Ring & Randall, 1947). 
On incubation with acetylthiocholine (Pl. 2, fig. 1) these sweat glands were 
found to stain for cholinesterase although the appearance suggested that 
staining was incomplete. This impression was confirmed when with ‘practice 
the sweat glands could be made out unstained, and it was then seen that only 
a part of the gland had given any reaction, usually in a triangular area formed 
by about three convolutions of the coiled secretory glomerulus. In these 
glands, as in those of the dog and cat, the ducts gave no reaction. The myo- 
epithelial cells are much more extensive in and along the ducts of the sweat 
glands in the rat than in the cat, but no staining could be detected and they 
must therefore be presumed to be devoid of cholinesterase activity. No 
staining of the sweat glands was obtained with butyrylthiocholine. Immedi- 
ately underneath the epidermis there were sensory, presumably tactile, nerve 
endings which stained deeply (Pl. 2, fig. 2). 

The skin of the thigh revealed a high activity, both to butyrylthiocholine 
and towards acetylthiocholine; the cholinesterase activity is therefore pre- 
dominantly of the non-specific type. It appeared to be located in a very 
diffuse manner throughout the epidermis and the dermis. Hair follicles in the 
skin stained consistently when incubated in acetylthiocholine, but with 
butyrylthiocholine they did not stain, and the arrector pili muscles did not 
stain at all. 

Amine oxidase. There was no activity to be seen in skin either from the thigh 
or from the pad of the foot. 

Guinea-pig 

Cholinesterase. Sections from both the thigh and the large pads of the feet 
failed to reveal any cholinesterase activity. Haematoxylin and eosin stained 
sections revealed no sweat glands. 

Amine oxidase. No activity was detectable in any of the sections. 


Monkey 
Cholinesterase. Haematoxylin and eosin staining showed sweat glands in 
the skin of the fingers and abdomen similar to, but larger than, those of human 
skin. On incubation with acetylthiocholine the coiled secretory part showed 


staining but no activity was seen in the ducts (Pl. 3, fig. 1). As in the cat, the 
a was entirely superficial to the gland, and on close examination it 
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appeared to be due to staining of the network of nerve fibres shied the 
coiled secretory part of the gland. No staining of the glands was detectable on 
incubation with butyrylthiocholine. 

On the other hand, a number of arrector pili muscles were seen to stain with 
butyrylthiocholine (PI. 3, fig. 2) as well as with acetylthiocholine. The cholin- 
esterase of this muscle, therefore, appears to be of the non-specific type. Some 
hair follicles also showed staining with both thiocholines, as did sensory, 


possibly tactile, end organs seen in the skin from the finger, but sebaceous 


glands were without activity. 
Amine oxidase. There was no evidence of any activity. 


Horse 


Cholinesterase. On incubation of skin samples from the flank with butyryl 
and with acetylthiocholine, no staining was seen. The skin of the horse appears, 
therefore, to be free of cholinesterase. 

Amine oxidase (PI. 4, figs. 1 and 2). The results have been briefly reported at 
the Symposium on Neurohumoral Transmission, Philadelphia, September 
1953 (Hellmann unpublished; cited by Blaschko, 1954). The sweat glands in 
the skin of the horse are large and belong to the apocrine type; they stained 
conspicuously, whereas the hair follicles and their nerves as well as the 
arrector pili muscles did not stain. Staining was also seen in the tunica media © 
of some arterioles running through the skin. Sebaceous glands showed a slight 
yellow coloration, but this cannot with certainty be regarded as a positive 
reaction since, in sections of skin mounted in glycerine without any treatment 
whatsoever, the sebaceous glands have a yellowish appearance due probably to 
natural pigments present in the cells of the gland. 

The amine oxidase activity of the sweat glands appeared to be similar in its 
distribution to the cholinesterase activity in the sweat glands of the dog, i.e. — 
intracellular, and unlike that of the cat, monkey and man. It appears, there- 
fore, that the localization of amine oxidase activity is associated rather with 
the cells which are to receive the activating or inhibitory influence of adrena- 
line than with the nerve endings which liberate the transmitter. 


Human 


Cholinesterase. In skin from the abdomen examined after incubation with 
acetylthiocholine, it was found that the eccrine sweat glands stained readily ; 
the arrector pili muscles also showed evidence of staining. In addition, the 
basal cell layer and the stratum lucidum of the epidermis reacted positively 
but only on a number of occasions. Incubation in butyrylthiocholine gave no 
reaction in the sweat glands, but a definite activity was found in the arrector 
pili muscles. Where the epidermis gave a reaction with acetylthiocholine it 
also showed a strong reaction in the same layers with butyrylthiocholine 
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(Pl. 4, fig. 3) and the activity is therefore mainly due to non-specific type of 
pseudo-cholinesterase. Hair follicles and their innervation appeared unstained, 
though it ought to be noted that very few hairs were seen in the sections. 
Neither axillary skin nor that from patients having undergone a preganglionic 


sympathectomy was available. 


Amine oxidase, No activity was evident in any of the structures of the skin. 


DISCUSSION 


Cholinesterase. Esterases were first reported to be present in skin by Porter 
(1914, 1916). She used glycerol extracts and found that these would hydrolyse 
fats, waxes and cholesterol esters. It was not until 1944, however, that two 
groups, Zeller et al. using human, and Thompson & Whittaker who used both 
human and rat skin, showed that this tissue had an appreciable cholinesterase 
activity. 

Thompson & Whittaker found, moreover, that the cholinesterase of Sites 
skin was highly sensitive to inhibition by eserine and thus distinct from the 
common ali-esterase which is capable of splitting simple esters and fats such 
as methyl butyrate and tributyrin and is also present in skin. Ord & Thompson 
(1950) next showed that the cholinesterase of rat skin is mainly the non- 


specific type of pseudo-cholinesterase, a finding which is in agreement with the 


present study. 

In a recent paper, Magnus & Thompson (1954) have extended the work of 
Thompson & Whittaker to a large series of human skin biopsies and post- 
mortem specimens, and find that human skin contains some specific true 
cholinesterase as well. 

The non-specific cholinesterase is present in both epidermis and dermis, and 
to a greater extent in the latter, but there appears to be no true cholinesterase 
in the epidermis, so that the activity of this enzyme in whole skin springs 
chiefly from the dermis. In confirmation of these observations, it has been 
found that all cholinesterase activity of the epidermis is due to non-specific 


pseudo-cholinesterase located in the stratum lucidum and in the basal cell | 


layer. On the other hand, there appears to be a discrepancy between the 
findings of Magnus & Thompson (1954) and those reported here on the activity 
of pseudo-cholinesterase in the dermis and this is difficult to explain. The 
amount which could have been present in the arrector pili muscles seems 
hardly sufficient to account for the high values they obtained. In the arrector 
pili muscles the pseudocholinesterase was found not to be confined to any 
specialized region but distributed throughout the muscle; this is in contrast to 
the distribution of true cholinesterase in striated muscles which is localized 
around the myoneural junction. 

The finding of cholinesterase in arrector pili muscles is not in agreement with 
that of Hurley, Shelley & Koelle (1953) who also used a histochemical techni- 
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que but were unable to detect any cholinesterase in arrector pili muscles of the 
human axilla, the only type of skin which they used, but one not investigated 
in the present work. Their claim that there is no cholinesterase in the nerve 
fibres of the hairs, however, is in agreement with the present findings. 

Hurley et al. (1953) also came to the conclusion that in human skin the 
cholinesterase activity was almost entirely due to that in the nerve fibres 
surrounding the eccrine sweat glands, a conclusion shown by the present 
findings to. be too limited. Furthermore, in view of the special nature of the 
human axillary skin, conclusions drawn from work on it and extrapolated to 
other skin sites or skin generally cannot be held valid without further investi- 
gation. Nevertheless, they made the interesting observation that the nerve 
fibres to the apocrine sweat glands were devoid of cholinesterase; the fibres 
that did contain cholinesterase were seen exclusively around the eccrine glands. 
It has now been found that the nerve fibres of the eccrine sweat gland in the 
skin of the abdominal wall and the lateral aspect of the thigh also contain 
cholinesterase. In these skin regions there are no apocrine glands. 

It was previously shown histochemically that the cholinesterase present in 
the eccrine sweat glands of the cat is located in the cholinergic nerve in- 
nervating the gland (Hellmann, 1952a). The present findings suggest that this 
cholinesterase shows characteristic differences from the properties of either 
true or pseudo-cholinesterase. It is more sensitive to DFP than the usual 
preparations of true cholinesterase but, unlike the pseudo-cholinesterase, it 
has only a weak action on butyrylcholine. 

There are the following differences in the distribution and type of cholin- 
esterases present in the sweat glands of various species. In man, monkeys and 
cats, the cholinesterase is located in the nerve fibre. In dogs it is no longer 
confined to nerve fibres but occurs in the cytoplasm as well. In dogs the 
enzyme shows the typical properties of the pseudo-cholinesterase, in man and 
monkeys of the true cholinesterase, and in cats it appears to be a true cholin- 
esterase with an abnormally high sensitivity to DFP. 

Nothing is as yet known of the character of the fibres supplying the hair 
follicles or the sebaceous glands and it is of interest, therefore, that in ap- 
parently random hairs (in monkey skins) which do not give the appearance of 
differing materially from those of other hairs, cholinesterase is found associated 
with their nerve fibres. 

Amine oxidase. Of the skins examined, amine oxidase was present only in 
the skin of the horse, with the interesting exception of the very slight activity 
seen in the sweat glands of the cat. Its presence in the large apocrine sweat 
glands of the horse and its virtual absence in sweat glands innervated by 
cholinergic nerves, is therefore an interesting extension of the findings of 
amine oxidase in tissues innervated by adrenergic nerves. 

Examination of the large arterioles running through the skin of the horse 
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has shown that there is amine oxidase activity in the media of the arterioles. 
This localization of the enzyme provides an explanation for the finding of 
Thompson & Tickner (1951) that amine oxidase activity decreases with the 
size of arteries and is even less in large veins than in small arteries. 

The absence of amine oxidase activity from human skin does not support 
the suggestion that the human sweat glands (Haimovici, 1948) receive 
adrenergic nerve fibres in addition to their cholinergic innervation. Chalmers 
& Keele (1952) have already put forward convincing evidence against this 
idea. 

Finally, the reciprocal relationship of amine oxidase and cholinesterase in 
the skin is an interesting confirmation of the work of Langemann (1944), who 
found a similar relationship to hold in manometric studies of these enzymes in 
brain. | | 

SUMMARY 

1. Skin from various species, including man, has been examined histo- 
chemically for the enzymes cholinesterase and amine oxidase. 

2. Cholinesterase has been found to be present in all structures with a 
cholinergic innervation, and amine oxidase in the sweat glands of the horse 
which are innervated by adrenergic nerves and in the tunica media of arterioles. 

3. Non-specific pseudo-cholinesterase has been found in arrector pili 
muscles of human and monkey skin, in cutaneous receptors of the rat and 
the monkey, and in the epidermis of human skin. 


4. In the sweat glands of the hairless pad of the dog’s paws, the cholin- : 


esterase activity is predominantly of the non-specific type of pseudo-cholin- 
esterase. Unlike the true cholinesterase of human or monkey eccrine sweat 
glands, it is not associated with the nerve fibres of the gland, but is localized 
in the cytoplasm of the glandular epithelium. 


I am greatly indebted to Miss Pauline O’Neill for capable and skilful technical assistance and : 


to Mr 8. Prestidge for printing the photomicrographs. 
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EXPLANATION OF PLATES 


PLATE 1 
Fig. 1. Section of dog’s hairless pad stained for cholinesterase. A nerve fibre can be seen dividing 
before entering the gland. Since it also stains for cholinesterase it may be an indication that 
the gland has a cholinergic innervation. x 110. 
Fig. 2. Section of hairless pad of the dog after incubation in butyrylthiocholine. The staining is in 
the cytoplasm and the nuclei of the gland. No nerve fibres are seen. x 450. 


PLATE 2 
Fig. 1. Section of rat’s hairless pad showing sweat glands lying amongst large fat cells and stained 
after incubation in acetylthiocholine. x 110, 


Fig. 2. Section of rat’s hairless pad showing cutaneous sensory endings, presumably tactile, just 
below the ee stained after incubation in acetylthiocholine. x 110. 
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PLATE 3 
Fig. 1. Monkey skin stained after incubation in acetylthiocholine showing eccrine sweat gland 
containing cholinesterase. x 110. 
Fig. 2. Monkey skin (hand) after incubation in butyrylthiocholine. The cutaneous sensory endings 
lying in the dermal papillae are stained. It is unusual to find so many enslings close together. 
x 110. 
PLaTE 4 


Fig. 1. Horse skin stained for amine oxidase. In the arteriole the pigment is formed in the media. 

| x 360. 

Fig. 2. Horse skin stained for amine oxidase, The large apocrine sweat gland has reacted strongly. 
x 360. | 

Fig. 3. Human skin, stained by incubation in butyrylthiocholine. The basal cell layer and the 
stratum lucidum have given a positive reaction. The latter did not always give a positive 
reaction, x 88. 
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POTASSIUM MOVEMENTS IN WASHED ERYTHROCYTES 
T. SHAW* 
From the Physiological Laboratory, University of Cambridge 
(Received 20 January 1955) 


Potassium accumulation in erythrocytes has been shown to be associated 
with metabolism (e.g. Harris, 1941; Maizels, 1949, 1951). The present work 
was designed to throw light upon the mechanisms involved in the accumula- 
tion. Using radioactive potassium the efflux and influx have. been studied 
separately under several conditions. In particular the fluxes have been 
measured at a variety of external potassium concentrations. The relationship 
between flux and concentration is determined by the interaction between ions 
as they enter the cell. Thus a linear relation between flux and concentration 
suggests that the ions are moving independently of each other, whereas a 
limiting rate of influx is to be expected if the ions are carried by a transport 
system of limited capacity. It is clearly of value to have an accurate knowledge 
of the relation between flux and concentration before attempting to under- 
stand the nature of potassium movements in red cells. 3 
In human red cells measurements of the potassium influx at various external 
potassium concentrations have already been made (Streeten & Solomon, 
1954; Sheppard, Martin & Beyl, 1951; Raker, Taylor, Weller & Hastings, 1950; 
Davidsen & Kjerulf-Jensen, 1950). Frazier, Sicular & Solomon (1954) have 
also studied dog red cells. In the present work these results have been extended 
to cover a wider range of potassium concentrations using horse, ox and sheep 
red cells as experimental material. Effluxes have also been measured at a 


variety of external potassium concentrations and the relationship between 
potassium influx and efflux studied. 


METHODS 


Horse blood was defibrinated by shaking with glass beads and stored overnight at 4° C before use. 
Cattle and sheep blood was whipped to remove the fibrin and used on the day of extraction. The 
blood was centrifuged, the serum and buffy coat removed and the erythrocytes washed several 
times to remove adhering serum. 5 ml. aliquots of packed cells and suspending media were mixed in 
stoppered 25 ml. flasks and set to shake in a water-bath at 38° C. After 20 min 0-1 ml. radioactive 
potassium solution, containing 90 mm-KCl, was added to each flask. Samples of the suspensions 


*Present address: Ministry of Supply, Medical Division, C.D.E.E., Porton, Wiltshire. 
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were collected immediately after addition of the radioactive potassium and 1-3 hr later. The 
samples were centrifuged for 10 min at 2000 g and haematocrits read. The cells were then washed 
several times with sodium suspension medium to remove extracellular potassium and radioactivity. 
Activity measurements and potassium analyses were made upon the cells and the suspending 
media. 

Radioactive potassium. This was prepared from irradiated KHCO, by the method of Hodgkin & 
Keynes (1953). Each flask of cells contained 2 uc of radioactive *K. 

Activity estimations. The activity measurements were made upon cells whilst still in their 
centrifuge tubes. The apparatus is shown in Fig. 1. A G.M.4 Geiger counter was held window 
upwards within a cylindrical lead shield. A second lead cylinder with an axial hole stood vertically 
over the counter and the centrifuge tubes could be thrust down the hole to rest on a thin mica 


Fig. 1. Diagrammatic vertical section of apparatus for activity measurements. A, centrifuge 
tube containing sample; B, upper lead cylinder; C, mica window; D, Geiger counter; H, lower 
lead cylinder. 


shield protecting the window of the Geiger tube. A column of cells 3 cm long was left in each 
centrifuge tube for activity estimation. Owing to shielding and the distance of the top layer of 
cells from the counter the measurement was insensitive to the length of the cell column; thus 
pipetting errors were eliminated and the samples left intact. The suspending media were estimated 
in a similar fashion. Flat-bottomed centrifuge tubes 4 cm bore and 10 cm length with thin glass 
walls were made for the apparatus. The tubes were calibrated with a radioactive K solution. 
Stirring a sample of cells lowered their measured activity by only 4%, showing that the lowest 
layer of cells did not differ greatly in potassium permeability from the bulk of cells present. 

Pulses from the Geiger counter were recorded on a scaling unit (Labgear). The background 
count of 15-17 counts/min was recorded at frequent intervals and counts were corrected for 
K decay assuming a half-life of 12-4 hr. 

Potassium estimations. Potassium was estimated ona flame photometer (EEL). Standards, 
generally within 10% of the concentrations of the unknowns, were used for comparison and 
measurements were made in quintuplicate. The cells were lysed but not ashed before analysis. 
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‘Other estimations. Lysis was estimated on a Hilger Spekker photometer using an Ilford 604 filter 
and shown to be less than 0-1%/hr. Chloride estimations were made upon deproteinized samples 
by Whitehorn’s method (Cole, 1944). The water content of the packed cells was obtained by 
weighing samples before and after drying in an oven at 105-110° C. To calculate the weight of 
water in a unit volume of cells the cell density was taken as 1-10. The standard deviations of the 
potassium influxes have been calculated from the number of counts recorded. For the effluxes 
the standard deviations were obtained by compounding those of the haematocrit, the potassium 
estimations and the activity measurements. 

Suspending media. The following solution was prepared: Na, 149-6 mm; Mg 1-0 mm; Ca, 2-0 mm; 
Cl, 152-0 mm; phosphate, 2-0 mm. A second solution in which K replaced Na was added in varying 
proportions to give media of different sodium and potassium concentrations. Both solutions were 
of pH 7-4. Glucose was added to give 200 mg/100 ml. 


RESULTS 


Potassium influves. Values for the potassium influx (m,) have been calcu- 
lated from the formula 


(1) 


where a, and a, are the relative activities in the cells and suspending medium 
respectively, K, is the external potassium concentration and ¢ is the duration 
of the experiment. In applying this formula it was assumed that the loss of 
tracer from the cells was small, and that both the external activity and the 
external potassium concentration remained constant over the experimental 
period. These assumptions are valid for experiments of short duration only. 
The errors introduced by using Equation (1) have been minimized by employing 
the mean external activity and potassium concentration over the experimental 
period. At all but the lowest external potassium concentrations the errors 
introduced by using the formula are less than 2-3%. No correction has been 
made for changes in the haematocrit during the experiments so that the fluxes 
refer to a unit volume of cells as measured at the end of the experiment. 
Changes in the haematocrit were small and Table 1, giving the percentage 
changes in the cell volume during one experiment, shows that the cells tended 
to shrink in the lower and swell in the higher potassium concentrations: these 
were the largest volume changes recorded. 

The results of one influx experiment upon cells from a single sample of horse 
blood are shown in Fig. 2. The potassium influx rises sharply as the external 
potassium concentrations increase to about 10mm, thereafter the influx 
increases more slowly and linearly with the external potassium concentrations. 
This behaviour was found in all similar experiments upon the potassium influx. 


To summarize the results of individual experiments the influxes have been 
fitted to the equation 
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where m, is the potassium influx, K, is the external potassium concentration, 
a, B and y are three arbitrary constants. The results were fitted to this equation 
by plotting m,/K, against K, and comparing the curve with plots on tracing 


TaBLE 1, Haematocrit changes with various external potassium concentrations 


Percentage 
Mean Initial volume Final volume increase in 
potassium of of cells in volume 
concentration suspensions suspensions (5) -@ ) 
mM % % 
5:12 47-0 45-7 2-8 
26-2 48-0 47-0 -21 
49-0 47-7 49-0 +2°7 
80-3 47-5 47-8 +06 
105 47-3 48-8 +3-2 
127 47-9 50-3 +50 


Experiment B4 on horse cells; duration 8-0 hr. 


20 F 


Potassium influx (m-mole/I. cells. hr) 


i i i i i i i A 


0 10 20 4 50 60 70 80 9% 100 110 120 130 140 


4 -(Na=150) External potassium concentration (m-mole/I.) (Na=36) 


Fig. 2. Relation between the potassium influx (m,) into horse red cells and the concentrations of 
potassium (K,) in the suspending medium. Sodium was used as the complementary ion to 

| maintain osmotic pressure and the limiting sodium concentrations are shown in brackets 

| below the abscissa, The smooth curve is drawn according to the equation 

+0014 K,. 

“ Influxes are marked with -+s.p. where these are larger than the symbols. 


paper of the function n/1+K, prepared for various values of n. The experi- 
mental curve was fitted to one of the calculated curves by displacing the axes 
| of the latter set parallel to the axes of the former. The displacement of the 
y axis evaluates y, the displacement of the axis evaluates (8—1) and the 
7? value of n for best fit gives «. Equation (2) gives a good fit to the experimental 
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results; thus the solid line of Fig: 2 gives a plot of the equation using the 
values «=1-2; B=2-0; y=0-014. 

The results of four experiments have been fitted to Equation (2) and the 
findings are summarized in Table 2; other values of « and y are given in Table 5. 


' In two of the experiments, A1 and A2, samples were collected at two intervals 


and the influxes, calculated for the two samples separately, are shown in the 
table. The general form of the influx-concentration curve was unaltered by 
time and radioactive potassium continued to enter the cell throughout the 
time intervals studied. Another feature shown in Table 2 is that the values 
of the terms «, 8 and y differ in different cell samples. The term y varies over 
a factor of almost 3 but these variations are not reflected by changes in «; the 
two terms « and y appear to vary independently. 


Taste 2. Terms describing the potassium influx-concentration curves of horse red cells 


4 Number of 
Expt. Duration (m- 7 le/ B y experimental 

no, (hr) l. hr) ‘(m-mole/I.) (hr-*) points 
Al 1-20 1-2 2-0 0-014 

2-31 1-0 2-5 0-012 
A2 1-12 3-0 0-035 10 

2-21 1-0 3-2 0-032 9 
Cl 1-80 1-9 2-7 0-0192 10* 
C2 1-00 1:3 2-5 0-0130 9 


* One of the ten experimental points was neglected in analysing the results of this experiment. 


The neglected influx was 4-51+0-10 m-mole K/l. cells.hr and was measured at an external 
potassium concentration of 71 mm. 


Potassium influxes were also measured in ox and sheep erythrocytes. 
The form of the influx-concentration curves for potassium was the same in 
these cells as for horse. The results were fitted to Equation (2) to obtain 
the terms a, B and y. The results of four experiments are summarized in 
Table 3. An experiment in which the potassium influx of sheep red cells was 


measured over various durations is shown in Table 4. The influx remained 
constant over 4 hr. 


Potassium efflux 

The potassium efflux has been studied in relation to changes in both the 
external potassium concentration and the potasssium influx-concentration 
curve. 

he effect of external potassium concentration. The results of an experiment 
in which the potassium efflux from horse erythrocytes was measured at various 
external potassium concentrations is shown in Fig. 3. The effluxes were calcu- 
lated from changes in the potassium content of the external medium and from 
the potassium influxes measured with radioactive potassium. In order to 
calculate changes in the potassium content of the external media, allowance 
had to be made for haematocrit changes during the experiment and it is 
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largely due to inaccuracy in this measurement that the standard deviations 
of the results are so large at the higher potassium concentrations. Fig. 3 shows 
that the efflux is little affected, increasing by less than 50°, when the external 
potassium concentration is raised from 5 to 130 mm. 


TasLe 3, Terms describing the potassium influx-concentration curves of ox and sheep cells 


Number of 
Dura a y experimental 
Species (hr) (m-mole/l. hr) (m-mole/lI.) (hr-1) points 
Sheep 1-1 0-62 9 0-011 10 
Sheep 27 0-53 noe 0-006 8 
Ox 1-3 0-82. 8 0-007 8 
Ox 2-4 0-75 7 0-009 9 
Taste 4, Potassium influx into sheep red cells measured over various periods of incubation 

(K,=5 mm) 

Period of 

incubation Influx + 
(hr) (m-mole/1. hr) 
0-15 0-26 +0-02 
1-35 0-28 +. 0-016 
3-30 0-28+ 0-014 
4-20 026+ 0-010 


The period of incubation was taken from the time of addition of radioactive K until the 
centrifuge was started. The cells were all from the same sample of blood. 


An alternative method for obtaining the potassium effluxes was used for the 
experiment illustrated in Fig. 4, where again the potassium effluxes from 
horse cells have been plotted against the external potassium concentration. 
Before the experiment the cells were charged with radioactive potassium by 
shaking them for 3 hr in a suspension medium containing 5 mm-KCl. The 
effluxes were obtained by measuring the amount of tracer lost to inactive 
suspending media over an interval of 2:3 hr. An appreciable return of radio- 
active potassium to the cells was to be expected when the external potassium 
concentrations were low. This was allowed for in the calculations, details of 
which have been given elsewhere (Shaw, 1954). The experiment illustrated in 
Fig. 4 again shows that the potassium efflux is relatively independent of the 
external potassium concentration. 

Relation between efflux and influx. In a number of experiments both fluxes 
of potassium were measured simultaneously upon similarly treated cells from 
the same sample of blood. Results are collected in Table 5. Potassium influxes 
were fitted to Equation (2) to obtain the terms « and y which are listed in the 
table. Most of the influx measurements were made when the external 
potassium concentration was greater than 10 mm and f could not be evaluated 
w:th sufficient precision to justify its inclusion in the table. The potassium 
ccncentrations in the cell water at the beginning of the experiments are also 
listed. Effluxes in the first two experiments, B1 and B2a, were obtained by 
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3 


Potassium efflux (m-mole/I. cells . hr) 
T 


} 


| 7 0 10 20 30 4 SO 60 70 80 90 100 110 120 130 140 

(Na=150) External potassium concentration (m-mole/I.) (Na =3°6) 

j Fig. 3. Relation between the potassium efflux from horse red cells and the concentration of 


potassium in the suspending medium. Effluxes are marked with +s.p. The limiting con- 
centrations of sodium, the complementary ion, are shown in brackets below the abscissa. 
Results calculated from influxes and net movements of potassium. 


4 


Potassium efflux (m-mole/I. cell. hr) 


g 0 10 20 30 4 SO 6 70 80 90 100 110 120 130 140 , 
(Na=150) External potassium concentration (m-mole/I.) (Na =3°6) 


Fig. 4. Relation between the potassium efflux from horse red cells and the concentration of 
potassium in the suspending medium. Effluxes are marked with + s.p. The limiting con- 
centrations of sodium, the complementary ion, are shown in brackets below the abscissa. 
Results obtained by following loss of tracer from the cells, 
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measuring the loss of radioactive potassium from cells previously charged with 
tracer. The effluxes (m,) were calculated from the equation 


m, = —$ (3) 


where H is the haematocrit at the end of the experiment, a, and a, are the 


relative activities of the cells and the external medium respectively, K, is the 
potassium concentration per litre of cells and ¢ is the duration of the experi- 
ment. Equation (3) neglects the return of tracer to the cells and under the 
conditions of the experiments of Table 5, where the effluxes were measured in 
30 mm-K over a 3 hr period, the results are liable to be 7% low. In the 
remaining experiments the effluxes were obtained by subtracting the influxes 
from the net movements of potassium. There is good agreement between the 
two methods, as can be seen in experiments B2a and B2b where the two 
techniques were applied to the same sample of blood. 


TaBLE 5. Effluxes and terms describing the influx-concentration curves of potassium 


in horse red cells 
(K, =30 mm) 
Terms of the K influx- Cellular 
concentration curves potassium 
Expt. (m-mole/l. hr) y (m-mole/kg Mo 

no. +8.D. (m-mole/1. hr) (hr-*) cell water) y 
Bl 1-05 + 0-05 1-0 0-0124 112 84-7 
B2a 1-32+0-05 1-2 0-0148 113 89-2 
B26 1-43 + 0-20 1-2 0-0148 113 96-6 
B3 1-76 +0-20 1-4 0-0227 17-5 
B4 3-25+0-21 1:3 0-0345 112 94-2 


cells; the remaining effluxes were calculated from the influx and the net movement of potassium. 
The mean water content of the cells was 65-8 g/100 g. 


The results in Table 5 show no obvious correlation between the efflux and 
the term « of the potassium influx-concentration relation. There is, however, 
a connexion between the efflux and y. The latter, as has been mentioned, 
varied markedly from one sample of blood to the next. The connexion is shown 
by the relative constancy of the quotient m,/y, given in the last column of 
Table 5. Fig. 5 illustrates in graphical form the relationship between potassium 
efflux and y. 

‘The straight line in Fig. 5 was drawn from an equation (9) based on the 
assumption that the efflux is a passive leak through the same channel as that 
responsible for the linear term (yK,) of the influx-concentration relation. 


t 
The effluxes of experiments B1 and B2a were measured by following the loss of tracer from re 
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Potassium efflux(m-mole/I. cell. hr) 


Fig. 5. Relation between the potassium efflux (m,) from horse red cells and y, the slope of the 
linear component of the potassium influx—-K, concentration curve. @, effluxes by tracer loss 
from cells; @, effluxes calculated from influxes and net movements of potassium. In the latter 
experiments + 8.D. is marked. The straight line is drawn according to the equation 

m,= 0-735 y K,,, 
where K., is the mean potassium concentration in the cell water (113 m-mole/kg). 


DISCUSSION 


The influx of potassium can be considered as being made up of twocomponents: 
one, m,;,, increases sharply as the external potassium concentration increases 
to 10 mm and remains constant at higher concentrations. The other component, 
M,., 18 proportional to the potassium concentration. Thus from Equation (2) 


aK, 
B+K,’ (4) 
mip =K,. (5) 


The independence of y and «, as shown in Table 5, supports the idea of a two- 
component potassium influx. | 
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The linear relation between flux and concentration, as found with m,,, is to 
be expected in a passive flux of ions moving independently of each other. If, 
however, Mj. is due to this kind of passive diffusion then there must be, 
according to Ussing (1949), a corresponding efflux of ions m,o, silat to Mio 
in the following manner: | 

mig 

Moo Bu (6) 
where K, and K,, are the potassium concentrations in the external medium 
and cell water respectively, F is Faraday’s constant, R is the gas constant, 
T is the absolute temperature and £ is the electrical potential across the 
membrane (inside minus outside). Inserting Equation (5) into (6) 


Mo =yK,, (7) 


E has not been directly determined but may be calculated from the distribution 
ratio of any ion to which the membrane is freely permeable. Thus 


E log, (8) 


where z is the valency of the ion, c, and ¢,, are the concentrations of the ion in 
the suspending medium and cell water respectively. (Equations (6) and (8) 
assume that the activity coefficients of the ions involved in the equations are 
the same inside the cells as in the suspending media. This is likely to hold as 
an approximation if the ions occur free within the cells.) Harris & Maizels 
(1952) have given evidence that chloride is passively distributed between red 
cells and their surroundings. In the present work two experiments were made 
to determine ¢,,/c, for chloride in horse red cells and gave values of 0-74 and 
0-73. Similar values have been found in human red cells (Harris & Maizels, 
1952). Combining Equations (7) and (8), and inserting the value for the 
chloride distribution ratio, there is obtained a new relationship 
= 0-735 yK,,. (9) 

It is to be noted that the whole of the potassium efflux obeys this relationship. 
Thus Figs. 3 and 4 show that the efflux is relatively independent of the external 
potassium concentration as the equation demands, whilst Table 5 and Fig. 5 
show that not only does the potassium efflux vary with y but the efflux also 
numerically fits Equation (9). Harris (1954) has also considered the effect 
of electrical asymmetry across the red cell membrane upon ion move- 
ments. His calculations, however, assume the validity of the constant field 
equation. 

Thus the linear component of potassium influx, m,,., and the potassium 
efflux obey the relationship to be expected if they were due to a leak of 


potassium ions moving independently through the red cell membrane, the ion 
31 PHYSIO, CXXIX 
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movement being controlled solely by the electrical potential difference and 
diffusion gradient across the membrane. The term y is a permeability constant 
for the a leak and relates to the area of membrane contained in a litre 
of cells. 

There remains to be discussed only one component of potassium influx. 
Harris & Maizels (1952) have shown that the high potassium concentration 
within red cells is due to an active accumulation of the ion with the expenditure 
of energy. The remaining component of potassium influx, m,,, is presumably 
due to this accumulatory mechanism. Solomon (1952) considered an active 
transport system involving carrier molecules within the membrane and the 
relationship he deduced between the influx and the external concentration of 
an ion was of the form found in Equation (4). Streeten & Solomon (1954) found 
a relationship of the same form for the potassium influx into human red 
cells. 7 

In human red cells some workers (Sheppard et al. 1951; Raker et al. 1950; 


) Solomon, 1952) have found that the potassium influx is not greatly affected by 


increasing the potassium concentration from 2 to 74 mm. This being so it may 
be that the potassium leak is not such a prominent feature of human cells. 
However, Davidsen & Kjerulf-Jensen (1950) and Streeten & Solomon (1954) 
find a small increase of influx on increasing the external potassium, and Glynn 
(1954) finds a component of potassium influx which varies linearly with the 
external potassium concentration. Frazier et al. (1954), working with dog red 
cells, find a linear relation between potassium influx and K,,. 

In a single experiment upon sheep blood cells Sheppard e¢ al. (1951) found 
a rapidly exchanging fraction of potassium, the influx varying between 
0:5 and 0-05 m-mole/l. of cells/hr according to the time over which the measure- 
ment was made. In the present work on sheep cells the potassium influx was 
constant over a 4 hr period (see Table 4) and for an external potassium con- 
centration equivalent to that used in the experiments of Sheppard et al. 
(3-8 mm) the potassium influx was calculated to be 0-22 m-mole/l. cells/hr. 


SUMMARY 


1. The potassium fluxes of washed erythrocytes have been measured at 
various external potassium concentrations, sodium being used to maintain the 
osmotic pressure constant. 


2. The potassium influx increased rapidly as the external potassium con- 


centrations were increased to 10mm and then increased more slowly and 


linearly with the potassium concentrations. 
3. The potassium efflux was almost independent of the composition of the 


external medium, but was propartana to the slope of the linear part of the 
influx-concentration curve. 
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4, The absolute value of the efflux agreed with that calculated from the 
permeability constant obtained from the linear part of the aaaeer separa 
curve. 

5. These results have been interpreted in terms of a potassium leak and 
a mechanism for accumulating potassium into the cells. 


My thanks are due to Prof. A. L. Hodgkin in particular for the method of curve fitting but also 
for other help and advice. The work was done during tenure of a Medical Research Council 
Studentship, and the expenses have been met out of grants from the Rockefeller and Nuffield 
Foundations. 
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Little is understood of the precise way in which cations are actively trans- 
ported across cell membranes, though in the case of the mammalian erythro- 
cyte more is known of the relations of cation transport to the Na and K 
concentrations within and without the cell, and of the metabolic basis of 
transport (for references see Solomon, 1952; Harris, 1954; Maizels, 1954a). 
Thus active transport in non-nucleated erythrocytes is energized by glycolysis, — 
and though unaffected by respiratory poisons (Maizels, 1951), is inhibited by 
fluoride (Harris, 1941; Maizels, 1951). Avian erythrocytes, on the other hand, 
are nucleated and respire, and here cation transport is based mainly, if not 
entirely, on respiration (Maizels, 19546). The present paper is concerned with 
cation transport by chicken erythrocytes, and especially with the effects of 
certain physical factors on transport, and with the relations of Na transport to 
the glycolytic and respiratory activities of the cells. 

Na* (Na) has been used in the study of sodium transport, and the paper 
falls into two parts which follow the general section on methods. The first part 
deals with the technique of measuring Na and Na*, and with the calculation of 
transfer constants. The second is concerned with the transfer constants for Na 
in human and chicken erythrocytes under a variety of conditions. 


METHODS 


As the experiments involved the measurement of cell pH, haemoglobin, Na, Na* and lactate, the 
usé of large amounts of radioactive material was avoided by putting up similar and parallel 
systems differing only in that one contained Na* while the other did not. A further advantage of 
this procedure arose from the fact that if radioactive cells are to be examined for pH, haemoglobin 
and Na content they are best left until radioactivity is dissipated: but if packed chicken erythro- 
cytes are so treated they form an adherent mass which cannot properly be resuspended. In a few 
cases where Na was estimated in parallel systems, one containing Na* and the other tracer-free, 
good agreement was obtained between the two setsof results. The actual procedure was as follows: 


T In receipt of a grant for technical assistance from the Nuffield Foundation. 
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consisting of 1 vol. of cells, two of plasma, and seven of a medium containing 155 m-equiv Na, 


_ (range +0-02 to - 0-06), but may well have differed from the pH of the intact cell. However, it 
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blood was centrifuged in tubes of 6 mm bore, the buffy coat removed, and the cells resuspended 
in original plasma. This procedure was twice repeated, and the standard cell suspension prepared 


10 m-equiv K, 6 m-mole phosphate, 155 m-equiv Cl and 11 m-mole glucose/l. When oxygen con- 
sumption was measured, however, the suspension contained 1 vol. of cells and two of plasma, K 
being added to 10 m-equiv and glucose to 11 m-mole/l. In either case the suspension was divided, 
radioactive sodium carbonate neutralized with HCl being added to one portion, anda corresponding 
amount of NaCl to the other. About 10 min before an estimation was due, a large volume of 
tracer-free suspension was centrifuged, the pH of the deposit being measured, while the super- 
natant was used to wash the corresponding radioactive cells free of intercellular tracer. Samples 
for the estimation of Hb, Na, etc., in unwashed cells were centrifuged for 30 min at 2000g in 
tubes of 15 mm bore whose lower ends were drawn out to sealed graduated capillaries of about 
1-7 mm bore. If these tubes had been accurately calibrated and the volume of the packed cells 
was read with a hand-lens, the error in this measurement did not exceed +0-25 %. The rest of the 
tube above the packed cells was carefully washed, and the cells were resuspended with a capillary 
pipette in 74 vol. of water, The haemolysate was homogenized by shaking vigorously, the wide 
end of the tube being closed by a thumb covered with a carefully cleaned rubber finger-stall. 
1 ml. of the haemolysate (which became quite viscid on standing) was made up to 10 ml. with 
very dilute ammonia, and the absorption of light compared in a photo-electric colorimeter with 
that of a similar dilution prepared from original untreated cells. Where it was desired to wash — 
tracer-free cells, the suspension was centrifuged for 5 min, supernatant replaced by KCl solution 
(0-165), the cells resuspended in the wash-fluid, and the tubes recentrifuged for 30 min; sub- 
sequent procedures were as already described. 
The water content of human cells has been taken as 70% (w/v) (Maizels, 1936) and the figure 
for chicken cells is similar (Maizels, 19545), the range being 68-72%. The figure of 70% requires 
correction for water in the intercellular plasma and the actual value used in the present paper was 
69% (w/v). The assumption of a mean figure of 69% introduces a possible error of +3% in 
calculating cell concentrations, but since the concentrations of Na and Na* are similarly affected, 
the effect on the transfer constants may be neglected. 
Lactate was estimated by the method of Hullin & Noble (1953). | 
Chloride was estimated by the method of Claudius (1924). The error was +1 m-equiv: the data 
obtained were used as a measure of the Donnan asymmetry (Harris & Maizels, 1952). 
pH was measured with a glass electrode at 20° C on a fivefold haemolysate of cells, Results 
differed from the pH of the corresponding whole haemolysates by only — 0-04 in six observations 


afforded an adequate means of controlling cell pH during an experiment. 

Sodium was measured with an EEL flame photometer. Since the proportion of K to Na in the 
cells investigated was very high, the effects of comparably high K contents in the Na standards 
was investigated: with ‘Specpure’ KCl the error introduced was less than 1%. It was therefore 
considered legitimate to use simple Na standards without the addition of complementary amounts 
of K. It is customary to measure the Na content of human cells on haemolysates and the pro- 
priety of this procedure was investigated. An haemolysate was dialysed for a week against 
repeated changes of neutral distilled water and then Na standards were prepared using as diluents 
the dialysed cell solution, the final dialysate, and distilled water: almost identical readings were 
obtained on all three (Table 1). Chicken erythrocytes present special difficulties because within 
a few minutes of the addition of water, the haemolysate becomes viscous and ropy and cannot be 
atomized. Hence, in earlier techniques it was found necessary to lyse cells in water, and then to 
precipitate the proteins by the rapid addition of 1 vol. of trichloroacetic acid (50%, w/v) to 10 
of the 75-fold dilution of cells. The mixture was then centrifuged and the supernatant passed 
through a sintered glass filter. To test the adequacy of this procedure, a simple haemolysate of 
human cells was compared with Na standards in dialysed cell haemolysate and in water, while Na 
in a trichloroacetic acid filtrate was compared with standards containing comparable amounts of 
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acid. It was found that the Na contents measured by all three methods were similar, and differed 
by less than 1% for six samples whose actual Na contents ranged from 0-08 to 0-15 m-equiv/l. 
In the case of deproteinized samples, however, certain precautions were necessary: trichloro- 
acetic acid depresses luminosity (Bernstein, 1952), and since its addition to cells to give an overall 
content of 4-5 g % results in a filtrate whose acid content by titration corresponds to only 3°75 g %, 
Na standards must be made in 3-75 and not in 45% trichloroacetic acid solution. Unless this is 
done, the Na standards will read too low (Table 1) and the ‘unknowns’ seem too high. Later it was 
found that if nuclear remnants and stromata were removed by centrifuging at 20009 the super- 
natant from an haemolysate of chicken erythrocytes gave results comparable to those obtained 
on a trichloroacetic acid filtrate. Thus, five of six paired observations differed by less than 1-5 %, 
and the sixth by 28%. If polythene containers are used wherever possible, duplicate readings 
usually agree within one division; differences exceeding this are probably due to contamination 
rather than to other technical errors, and duplicates should differ by less than 0-2 m-equiv/I. cells. 


TasLe 1, Readings in instrument divisions of Na standards in various diluents. 
Instrument set throughout for standards in distilled water 


Na standards (m-equiv/1.) 
Diluent 0-067 0133 0-267 
Water 0 31 54-5 100 
Dialysed haemolysate 0-5 30-5 54 100 
Final dialysate from above 0 31 55 100 
Trichloroacetic acid 5 g/100 ml. 15 25-5 47 86 
Trichloroacetic acid 3-75 g/100 ml. 1-5 26 48-5 90 


Radioactive sodium (Na*). The entry of Na* into erythrocytes was measured in a standard 
suspension of cells with a content of Na* corresponding to between 5 x 10° and 1 x 10° counts/min 
per ml. external phase. At suitable intervals 1 ml. cell suspension was centrifuged for 5 min, the 
cells resuspended in 5 ml. wash-fluid (supernatant from the corresponding tracer-free suspension) 
and recentrifuged for 30 min. Cell volume was now read (about 0-1 ml.), the tube carefully 
washed down to the level of the packed cell column, and the latter transferred to the liquid 
counter (20th Century Electronics, Type M6). In the case of human cells transference could be 
in water or in saline, and the occurrence of lysis made no difference to the counts; nor indeed were 
the counts of a simple cell-free medium affected by the addition of tracer-free cells. However, 
chicken erythrocytes which yield a viscous haemolysate were always counted unhaemolysed in 
NaCl solution. In the case of cells containing tracer, runs were made totalling 10,000 counts for 
earlier samples arid upwards of 15,000 for the later ones. : 

It will have been noted that where cells were washed, KCl solution was used for tracer-free 
suspensions, and plasma for cells containing Na*. But if there was sufficient material left from 
the previous week, it was thought better to add KCl to dialysed plasma (to 0-155m) and use this as 
a wash-fluid for the cells of all systems. 

Cell respiration. In experiments involving measurements of O, uptake, 1 part of cells was 
suspended in 2 parts of diluent; measurements were made in triplicate. In earlier experiments it 
was found that the O, consumption during the first half hour was higher than it was thereafter, 
while in the presence of high concentrations of cyanide, arrest of respiration appeared to be 
considerably delayed. In spite of the fact that all suspensions in the Warburg apparatus were 
allowed to equilibrate for 15 min before observations were begun, it seemed likely that the method 
involved some error, a view which was supported by the fact that human erythrocytes similarly 
treated appeared to consume considerable amounts of O, during the first 15 or 30 min of incuba- 
tion. It was surmised that after blood had been placed in the flasks, escape of CO, was at first 
quicker than absorption by KOH in the well, and that later this relation was reversed, absorption 
of CO, being interpreted as uptake of O,. It is also possible that uptake of O, by cell haemoglobin 
not fully at equilibrium with atmospheric oxygen, simulated utilization for metabolic purposes. 
Such differences would be much less with tissue fragments than with 3 ml. blood rich in CO,, 
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NaHCO, and haemoglobin. However this may be, a method was sought which without unduly 
damaging the transporting mechanism, would remove CO, and oxygenate cell haemoglobin before 
suspensions were placed in the Warburg flasks. The technique (one of many) finally adopted gave 
only minimal apparent uptake of O, when tested against human cells (less than 5 l./ml. cells. hr). 
75 ml. blood was brought to pH 7, extracted five times in vacuo and then rocked at room tempera- 
ture in a large flask, fitted with a well containing KOH (10%) into which dipped a large fluted 
filter-paper. After 20 min the blood was centrifuged, supernatant plasma and buffy coat being 
removed, and the process of centrifuging and removal of the buffy coat repeated. Meanwhile, the 
removed plasma had been brought to pH 6, the CO, aspirated in vacuo (12 changes) and the pH 
restored to 7-5. 1 part of cells freed from leucocytes and CO, was then mixed with 2 parts of 
treated plasma and the whole brought to pH 7-5. The material was now ready for transfer to 
the Warburg flasks, the usual 15 min at 38° C being allowed for equilibration. 


PART I. MEASUREMENT OF TRANSFER CONSTANTS 


Transfer constants are best calculated from the exchange of Na and Na* 
between cells and a suspending medium, and for the figures to approach any 
sort of absolute value, it is necessary that the true concentrations of cell Na 
and Na* be known, and hence that a suitable allowance be made for these in 
the intercellular plasma. 


Estimation of the true concentrations of Na and Na* in erythrocytes 

Corrections for Na and Na* trapped between packed cells may be effected 
either by washing the cells with KCl solution or by making a theoretica 
deduction, if the amount of intercellular plasma be known. 

In the present investigation Evans Blue (T1824) was used as a ‘marker’ 
for intercellular plasma. Technical details are given by Maizels (1945), 
Jackson & Nutt (1951) and Chaplin & Mollison (1952). Intercellular plasma of 
erythrocytes centrifuged at 2000g for 30 min was found to be 1:88+0-15% 
of the packed cell volume (range in seven cases, 1-6-2-22%), figures which 
agree with the results of workers already mentioned. It may be noted that 
when cells were suspended in a mixture of dye and NaCl solution instead of 
dye and plasma, intercellular fluid appeared to be about twice as great, either 
because of increased penetration, or adsorption of dye in the absence of plasma 
proteins; addition of as little as 10% of plasma to the suspending medium 
again reduced intercellular fluid to about 2% of the packed cell mass. In the 
case of chicken erythrocytes which haemolyse rather easily in plasma-free 
wash-fiuids, Evans Blue trapped between the cells became discoloured on 
extraction with NaCl solution, and glycogen was preferred as a marker (10% 
in 0:165m-NaCl). It was estimated in the saline wash by boiling with KOH, 
precipitating with alcohol, and estimating as glucose. Results were somewhat 
variable, 3-0+0-4% (range in seven cases, 2°5-3-6%). 

It follows that if human erythrocytes are washed with KCl ahbuss: they 
should lose about 3 m-equiv Na/I. cells, while if centrifuged immediately from 
media containing Na* they should gain an equivalent amount of tracer, and 
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lose the same amount on being washed in tracer-free solutions. Similarly, the 
average loss on washing chicken erythrocytes should be about 4-5 m-equiv 
Na/I. cells. These expectations are not fulfilled. 

Effects of washing erythrocytes. Fresh human erythrocytes contain about 10 
or 12 m-equiv Na/l. When washed in 50 vol. of KCI solution (0-155-0-165m) 
and immediately centrifuged, they lose about 5 m-equiv: the mean loss and its 
standard deviation were 5-12 +0-22 m-equiv/l. cells. Resuspension and re- 
centrifuging result in a further loss of about 0-25 m-equiv, and if the process be 
repeated, the third loss is only about 0-15 m-equiv. The total loss averaged 
5-50 + 0-25 m-equiv for twelve bloods, or 2-6 m-equiv more than could be due 
to loss of Na in the intercellular plasma. This discrepancy cannot be explained 
by normal loss through diffusion, for if during washing, the cells were exposed 
to KCl solution for as long as 10 min (and the actual time is probably a good 
deal less), then with passive transfer at 0-03 hr’, the Na loss with an initial 
cell concentration of 10 m-equiv/l. would amount to about 0-05 m-equiv. 
Moreover, even if it be assumed that cells in a glucose-free medium still 
transport Na with a rate constant of 0-06 hr-! at 18°C, the temperature of 
the wash-fluid, then the loss in 10 min would only be 0:1 m-equiv/l. It is in 
any case unlikely that the unexplained loss of 2-6 m-equiv on washing could be 
due to normal transfer, for most of the loss occurs with the first wash, losses 
with subsequent washes being trivial. It is thought that the unexplained fall 
of Na is due to removal by de-adsorption, or to loss of Na from the interior of 
the cells. If the latter be the case, it must affect a small proportion of highly | 
permeable cells, whose initial Na concentration must be higher than the mean 
value of about 10 m-equiv/l. cell water. This is likely because marked loss still 
occurs when the wash-fluid contains 15 m-equiv/l. Na and some loss can be 
detected when external Na is 60 m-equiv/l. Table 2 shows these net changes in 
cell Na on washing with media containing varying amounts of Na. Net change 
equals the difference between the original cell Na corrected for Na in the inter- 


cellular plasma, and the Na of washed cells corrected for Na in the intercellular 
wash-fiuid. 


In Expts. 1, 2, 3, 4a, 5a, 6a, 7a and 8a the volume of the intercellular plasma has been esti- 
mated, but owing to the difficulty of using Evan’s Blue as a marker for plasma-free media, the 
volume of the intercellular plasma-free wash-fluid was not known and has been assumed to be 
the same as that of intercellular plasma. In Expt. 4b the wash-fluid contained 10% normal 
plasma, while in Expts. 5b-8b, cells were washed with dialysed plasma to which NaCl and KCl 


were added in varying proportions: in these the volumes of intercellular plasma and of inter- 
cellular wash-fluid were both known. 


Temperature had little effect on the immediate loss of Na from cells washed 
with KCl solution. In three experiments after single washes at 37 and 7° C, 
the respective losses were 5-24 and 5-01, 5-06 and 5-06, 5-18 and 5-03 m-equiv/]. 
cells. | 
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Oberst (1935) found that human erythrocytes lost about 4-5 m-equiv Na on 
washing in an equal volume of KCl solution, and assumed that this was due to 
removal of intercellular plasma amounting to 3% of the packed cell volume. 
His figure exceeds the actual plasma contribution by about 1-5 m-equiv, while 
it is about 0-5 m-equiv less than the Na removed by washing cells in 50 vol. 
of KCl solution. | 

‘Findings in chicken erythrocytes were qualitatively similar to those in 
human cells: Na in the intercellular plasma averaged 4-5 m-equiv/l. and the 
average gross loss after one KCl] wash was 7-25 m-equiv. The total loss increased 
to 7-6 m-equiv after two more washes (s.D. for ten experiments + 0-3). It may 
be noted that on washing with KCI solution human cells swell slightly (0-3 %), 


TaBLE 2. Net loss of sodium resulting from twice washing erythrocytes with wash-fluids of 
varying types and composition 
(Net loss equals original cell Na content corrected for Na in the intercellular plasma minus the 
Na content of washed cells corrected for Na in the intercellular wash-fluid.) Temp. = 20° C. 


Net loss of Na (m-equiv/l.) from cells twice washed in 
fluids of the following composition (m-equiv/l.) 


KCl 165 KCl 150 KC1135 KC1105 KO175 KCI45 
Blood Type of wash-fluid NaCl0 NaCl 15 NaCi30 NaCl 60 NaCl90 NaCl 120 


Human Plasma-free 2-0 — 1-3 0-6 0 
 Plasma-free 2-5 1-8 0-8 — 0-2 
3  Plasma-free 2-7 2-1 1-1 0-4 0-1 
4a Plasma-free 2-6 2°5 2-1 1-4 
b Plasma 10% — 2-6 2-2 1-4 — 0 
5a Plasma-free 2-7 — — — — 
b Whole dialysed plasma 2-9 — 2-1 1-4 0-1 
6a Plasma-free 2-9 — 2:1 1-2 0-3 
b Whole dialysed plasma 2-9 21 1-4 0-2 
ja Plasma-free 2-4 20 — 
b Whole dialysed plasma 2-4 — — — — 
b Whole dialysed plasma 2-4 — — 
Chicken]  Plasma-free 1-9 1-4 
2 Plasma-free 233 1-7 
3  Plasma-free 2-9 2+] 
4 Plasma-free 2-7 22 


probably because of a small fall (about 0-1 unit) in the pH of the cells in an 
unbuffered medium; haemolysis is slight or absent. Chicken erythrocytes, on 
the other hand, show slight lysis, though the quite definite cell swelling 
(7-24+1-6% in twenty observations) is itself too slight to cause rupture. It 
follows that washing with KCl solution is not inherently objectionable in the 
case of human erythrocytes, but is best avoided with chicken cells, 
Immediate effects of suspending erythrocytes in media containing Na*. 
Suspensions of human erythrocytes were centrifuged immediately after the 
addition of Na* and the content of tracer estimated in the packed cells. 
Results (in duplicate) were 6-18, 6-12; 6-13, 6-04; 6-25, 6-12; 6-12, 6-07 ; 6-03, 5-96. 
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In another experiment, the graduated capillary containing the cells was cut 
across just below the upper face of the cell column, so that contamination with 
the supernatant Na*-rich medium was avoided without the necessity of 
washing the upper part of the tube (cf. Maizels, 1945; Solomon, 1952). Na* 
corresponded to 6°08 m-equiv/l. cells, although the intercellular plasma 
measured in the same way with Evans Blue as marker, was only 2-1%. 

Findings in the case of chicken erythrocytes were similar to those in human 
cells, but the gross immediate gain of Na* was rather greater at about 
8 m-equiv (7-4, 8-1, 7-8, 8-2 and 8-1 m-equiv/l. cells). 

Effects of washing erythrocytes containing Na*. When human or chicken 
erythrocytes were centrifuged immediately after the addition of Na*, and 
then washed in 60 vol. of tracer-free medium (plasma or KCl solution), 
residual Na* was about 0-20 m-equiv/l. cells: 0-19 + 0-05 for seven observations 
on human cells, and 0-23 + 0-09 for twenty-four observations on chicken cells. 
After two washes residual Na* was 0:022+0-010 for five observations on 
human cells and 0-027 + 0-011 for ten observations on chicken cells. 

When erythrocytes were suspended for varying periods in media containing 
Na*, so that the contents of cell tracer varied, the Na* losses after rapid 
washing with plasma and centrifuging were similar, irrespective of the initial 
levels of Na*. Thus, when the initial content of tracer was 7-38, twice washing 
with plasma reduced this by 7:32 m-equiv; and with contents of 9-90, 12-86 
and 16-57 the corresponding reductions were 7-30, 7-56 and 7-55 m-equiv/l. 
cells. In another experiment Na* fell on washing from 7-98 to 0-05 and from 
13-80 to 6-06 m-equiv/l. cells; a further wash reduced the latter figure to 5-97. 
In all the preceding experiments, Na* was added as the neutralized carbonate. 
Na*Cl figures were higher and more variable. 

From the preceding sections, it will have been seen that human erythrocytes 
lose about 5-2 m-equiv Na on washing in KCl, gain about 6 m-equiv Na* 
immediately after suspension in Na*-containing media and lose about 
5-8 m-equiv of the Na* on washing. In actual observations where loss of Na 
after a single wash in KCl solution, gain of Na*, and loss of Na* after one wash 
in KCl solution, were made on samples from the same cells, the following 
parallel figures were obtained: 5-16, 5-99 and 5-77; 5-28, 6-08 and 5-90. The 
figures are similar, but a consistent discrepancy exists in each set, for which no 
explanation is offered. It should also be noted that Solomon (1952) ascribed 
immediate increase of cell Na*, when tracer was added to suspensions, to the 
presence of Na* in the intercellular fluid. His average figure for trapped 
plasma is 3%, and although precise figures for Na* are not given, his data 
correspond to 4 m-equiv Na*/l. cells. It is possible, however, that Solomon’s 
figure of 3% for trapped plasma is too high: the data of Chaplin & Mollison 
(1952) suggest that with cells centrifuged for 50 min at 1600g, a figure of 
or less is likely; if so, intercellular Na* would account for 3 
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leaving 1 m-equiv Na* derived from the cells. Even so, Solomon’s total figure 
of about 4 m-equiv for gain of Na* is 2 m-equiv less than the values in the 


present paper, and 1 m-equiv less than our figures for loss of Na on washing - 


human cells with KCl solution. The difference does not seem to lie in unsatis- 
factory samples of Na*, which in the present work were derived from ‘Specpure’ 
Na,CO,, and had a half-life of 15-1 hr. However this may be, the experiments 
described here indicate that in packed erythrocytes total Na is about 
12 m-equiv/l., to which intercellular plasma contributes about 3 m-equiv in 
human cells and 4-5 in chicken cells, while there is a second fraction of about 
2-2-8 m-equiv/l. which exchanges very rapidly. Solomon (1952) has produced 
evidence in favour of yet another fraction, inexchangeable or exchangeable only 
with difficulty; this in our experiments amounted to about 1 m-equiv/l. cells. 

Treatment of cells for measuring transfer constants. Since net values of Na 
and Na* are required before transfer constants can be calculated, allowance 
must be made for these in the intercellular plasma, which must be measured 
with Evans Blue or other marker so that the appropriate deduction may be 
made. Even so, the basal figure for Na* at 0 hr is high (about 6 m-equiv) and 
detracts from the accuracy of later readings, especially when these are still 
quite low. Hence, although the method gives the mean transfer constants for 


all the several fractions of cell Na together, it is thought that some form of 


washing is desirable, even though this removes the easily exchanged as well 
as the intercellular Na. 

In the attractive ‘soaking-out’ method of Harris & Burn (1949) cells are 
first charged with Na*, quickly washed, and suspended in a large volume of 
tracer-free medium, the transfer constants being calculated from loss of Na* 
by the cells. When the external phase is very large intercellular Na* may be 
ignored, while a deduction is made from cell Na equal to the amount of Na 
presumed to have been trapped in the intercellular medium. In fact, soaking 
out removes not only intercellular Na*, but also the easily exchanged fraction 
of intercellular Na*, and so the values used for Na and Na* are not quite 
comparable. In order that the ‘soaking out’ technique may be valid both 
intercellular and easily exchanged Na must be deducted from the total Na 
figure. In the present work, a ‘soaking-in’ technique was used, cells being 


_ washed before the estimation of Na and Na*; this gives the transfer constants 


for all the cells in a suspension except the highly permeable fraction. Details 
are given below. 


In the case of human and chicken erythrocytes, some of the cell suspension is centrifuged in 
special tubes (see Methods) for 5 min at 2000g, and the packed cells (about 0-07-0-1 ml.) re- 
suspended in 5-5 ml. KCl wash-fluid (0-16m), centrifuged for a further 30 min, and prepared for 
the estimation of haemoglobin and Na as already described. For most purposes it suffices to wash 
one sample at the beginning of an experiment and a second at the end. Loss of Na on washing is 
about the same in both, and the appropriate deduction may thus be made for all the unwashed 
samples, In the case of Na*, however, the base-line is so high, that all samples are washed before 


; 
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counting. Chicken erythrocytes present special difficulties because they swell on washing in 
plasma-free media, and it is essential that a volume correction be made. Thus, if the cell volume 
is 102% of the original before washing, and Na is 12 m-equiv/l. cells, while after washing the 
volume is 112% and Na is 5 m-equiv, then Na removed by washing is 6-4 m-equiv, and the Na of 
all the unwashed cells may be corrected by this amount. In the case of suspensions containing . 
Na* it has been assumed that the volume changes during an experiment are the same as in the 
corresponding tracer-free suspensions. But in order to avoid volume corrections on washing the 
radioactive cells with KCl, the cells may be washed instead with plasma from the paired tracer- 
free system. As an alternative, where material is available, cells containing either Na or Na* 
may be washed with dialysed plasma to which KCl has been added to 0-16 m, and whose pH has 
been brought to 7-4, In this case the figures for Na and Na* must be corrected for changes in 


volume induced by the wash-fluid, such changes as a rule being quite small. 


It will have been noted that in the present work, cell volumes are measured directly through- 
out, and where necessary are corrected for swelling or shrinking by measuring changes in cell 
haemoglobin. Some workers prefer to measure the proportion of cells in a suspension and to 
assume that the amount of cells in an aliquot is constant. But this may not always be so, and 
certainly in the case of chicken erythrocytes an amount of lysis which is imperceptible i in 60 
volumes of wash-fluid, may actually account for a 5% loss of cells. 


Calculation of transfer constants for sodium 


When tracer-free cells are suspended in a large volume of medium containing 
Na and Na*, the external concentration may be regarded as constant. If 
[Na,] (the concentration of cell Na) is also constant, 


— (1—[Na?],/[Na,]) 

(Harris & Burn, 1949), where k, is the crude constant for outward transfer 
uncorrected for the Donnan asymmetry, and [Na}], is the concentration of 
cell Na* at time ¢. When [Na,] is not constant k, may be derived as follows 
E. J., personal communication): 

—k,[Na,], 
where &, is the crude constant for inward transfer uncorrected for the Donnan 
asymmetry, and [Na,] the external Na concentration. 


Equating [Na,] with [Na*]: 3 
d([Na,] — [Naf])/dt = —k,([Na,] — —[Naf]), 
and by integration [Na,], — [Nav], 
[Na,],—[Na#],,’ 
where [Na,], and [Na#], are the cell concentrations of Na and Na* at ‘a’ hr 


and [Na,], and [Naf], the corresponding values at ‘b’ hr. Where cell volume 


was not constant during the experiment, graphic integration of the differential 
equation was preferred. 


When [Na,] is constant, or when it is not constant but its plot against time 
permits of a close approximation to the equilibrium value (at t= 00), k, may 
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be calculated from the equation k,[Na,]=k,[Na,]. If, however, extrapolation a: q 
of [Na,] is not possible, or if k, changes during the course of the experiment, _ 
the preceding equation cannot properly be applied to calculating the rate of - 
Na influx over a selected period during the experiment. In these circumstances a. 
k, for the time interval between ‘a’ and ‘b’ hr was obtained by solving one or 
other of the equations | 


The second equation is likely to give more accurate values, for changes in cell | 
Na* are chiefly due to influx, while in the first equation changes in [Na,] are 
not apparent in fresh cells and even in stored cells where [Na,] alters, this is 
towards a decrease, and due to a large active efflux, een? modified by a 
small passive influx. 

However the constants are obtained, they need correction for the Donnan 
asymmetry (Ussing, 1949; Harris & Maizels, 1952; Harris, 1954). The simplest 
approach (Harris, 1954) is to put k, equal to k,/f where k, is the true rate 
constant for influx, k, is the constant for total influx measured, and f the 
asymmetry factor derived from the chloride distribution ratio and taken to a 
equal ,/({Cl,}/[Cl,]). Similarly, %, the gross outward constant also requires 
deduction of that moiety due to passive outward transfer in order that the 
true transfer constant for active efflux, k, may be obtained. According to 
Harris this passive moiety equals k{/f, so that k, =k, —k;/f. Harris’s equation 
perhaps involves an oversimplification of the kinetics of passive Na transfer, 
but at least it allows of an approximate correction for the effects of the Donnan 
asymmetry. The relevant data for ‘f’ in chicken erythrocytes are shown in 


PART II, TRANSFER CONSTANTS OF CHICKEN AND HUMAN ERYTHROCYTES 


In these experiments the transfer constants for influx and efflux have all been g 
corrected for the Donnan asymmetry and are denoted by k, and k,. Chicken 
erythrocytes were usually examined within 3 hr of collection, but showed 
a small fall in cell Na during incubation, perhaps because the procedures 
designed to remove leucocytes tended to raise cell Na, which returned to the 
equilibrium value during incubation at 38° C. In the case of human cells, it 
was convenient to collect blood at night and examine next morning: during 
the preliminary period of storage at 4° C cell Na rose a few m-equiv, falling 
correspondingly during the subsequent incubation. Hence, when determi- 
nation of [Na,]., was of special importance, fresh cells were used. 


The constants for Na transfer in human erythrocytes at 37 or 38° C are a 
similar to those described elsewhere (Harris & Maizels, 1951; Solomon, 1952), a 
even though our figures have been corrected for asymmetry. This is because the q j 
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correction usually lowers k, by less than 15% and k, by less than 7%. It will be 
noted (Table 3) that efflux tends to decrease somewhat during incubation, the 
rate constant being less between 2-4 hr than at 0-2 hr. This may be due to 
partial failure of the energizing metabolic process or to the presence of in- 
exchangeable Na within the cells, a possibility suggested by Solomon (1952); 
the matter is discussed later. The rate constant for Na efflux from chicken 
erythrocytes is on the whole rather greater than in human cells, while that for 
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Fig. 1. pH and the asymmetry factor (f) in cell suspensions incubated at 37°C. g, fresh cells 
transporting Na; (), fresh cells inactive; @, stored cells transporting Na; O, stored cells 


inactive. 
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Fig. 2. pH and the asymmetry factor i ) in suspensions of stored cells incubated at 23° C. 
@, cells transporting; O, cells inactive. 


influx is about the same; it follows that at equilibrium the Na concentration 
of chicken erythrocytes is rather less than in human cells. There is, however, 
the same decrease in the rate of active transport as incubation proceeds. In 
stored human cells the rate constant for Na efflux is less than in fresh cells, 
possibly due to deterioration of the energizing system (Harris & Maizels, 1951), 
and in spite of the fact that a high initial value for cell Na increases the 
passive element of efflux. In the case of chicken cells, however, the rate of 
active efflux (k3) is slightly greater in stored cells than in fresh, even though 
allowance has been made in Tables 3 and 4 for the passive component. Thus 
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in fresh cells at 37 or 38° C, the value of k, (mean and s.p.) was 0-44 + 0-10, 
while with cells stored for a week at 4° C and then incubated the value was 
0-62 + 0-13. The series in each case was small and in order to test the matter 
further, two samples of cells from the same blood were stored with different 


 TasiE 3. Transfer constants of erythrocytes: chicken blood fresh; 


human 2-18 hr old 
Cell (hr-*) ky (hr-*) 
Tem H at (Nod) (Nas) Cc A -- A. 
Species (°C) at 4 O-2hr 2-4hr 0-2 hr 2-4 hr 
Chicken 1 37 738 82 7-6 0°37 0°35 0-016 0-014 
2 38 7°55 8-1 6-4 0-54 0-38 0-018 0-014 
3 38 7-50 8-8 7-2 0-59 0-53 0-022 0-020 
4a 37-5 7-51 7-2 6-8 0°45 0-37 0-018 0-014 
b | 7-49 71 6-2 0-20 0-15 0-007 0-005 
5a 37 7-43 8-4 7-9 0-37 0-26 0-014 0-010 
b 24 7-40 8-2 7-1 0-18 0-15 0-007 0-0045 
6a 38 7-67 8-2 7:] 0-54 0-42 0-019 0-015 
b 38 7-51 7-6 6:3 0-60 0-46 0-021 0-013 
Cc 38 7-06 7-2 7-1 0-42 0-34 0-018 0-013 
7a 37 7-68 8-0 8-2 0-34 0-29 0-015 0-014 
b 37 7-45 71 0-38 0-32 0-015 0-015 
Cc 37 7-08 6-8 8-0 0-26 0-27 0-017 0-016 
8a 39 7-52 8-1 7-7 0-35 0-28 0-014 0-011 
39 7°25 78 7-4 0-31 0-28 0-012 0-011 
39 7-02 7-4 : 8-0 0-25 0-19 0-012 0-010 
Human 9 37 7-25 17-4 123 0-32 0-29 0-023 0-020 
10 37 7-23 17-3 11-4 0-28 0-25 0-015 0-013 
ll 37 7:27 16-7 10-6 0-35 0-29 0-019 0-016 


l7a = 38 7-50 10-4 10-2 0-43 0-29 0-025 0-016 
—#b 38 7-29, 9-2 . 8-4 | 0-42 0-32 0-020 0-014 
c 38 7-09 8-6 8-6 0-34 0-23 0-018 0-013 


[Na,]=cell sodium concentration, m-equiv/l. cell water. Bloods 9-14 kept overnight at 4° C 
before incubation. 

ky and & in this and later tables denote the net rate constants for Na efflux and influx, that is, 
the observed rate constants corrected for the Donnan asymmetry. 


media so as to give a high cell Na in one and a low Na in the other: one batch 
was kept at 4° C for a week with 3 vol. of NaCl solution (0-16m), glucose being 
omitted from the external medium so as to ensure a big rise of cell Na; the 
other batch was stored with a solution containing 25 or 50 mm-KCl, the 
complementary amounts of NaCl and also glucose, in order to limit rise of 


i 

Fa, 

| 

b 23-8 7-34 17-0 14-5 0-12 0-09 0-0075 0-0065 ii 

13a 29-5 7-33 21-4 15:3 0-18 0-14 0-0095 0-008 a 

b 23-0 7-36 21-4 18-9 0-08 0-07 0-0055 0-0055 

l4a 29-0 7-30 16-9 11:8 (24 0-20 0-011 0-011 

b 20-5 7-35 16-9 14:3 0-12 0-07 0-006 00-04 x 

l5a 37-0 7-49 10-4 9-3 0-38 0-34 0-019 0-018 dl 

b 27-0 7-50 10-4 9-8 0-13 0-12 0-0065 0-007 4 

16a 37-2 7-36 13-0 11-2 0-35 0-30 0-025 0-020 : 

b 28-2 7-36 13-2 12-2 0-14 0-14 0-011 0-0095 % 
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cell Na. At the end of cold-storage both batches of cells were incubated in the 
standard medium, and although the experiment was weighted against the 
Na-rich cells because of the absence of glucose during storage, k, was higher 
during the first 2 hr of incubation than in the Na-poor cells. After 2 hr, 
however, [Na,] had become similar in both sets of suspensions and the k;, 
values, which had fallen in both batches, were also similar (Table 5). The fact 


TaBLE 4. Transfer constants for Na in chicken erythrocytes stored at 4° C for 7-9 days before 
incubation at various pH or temperatures or with various chemical agents 


Na (m-equiv/I. 
pH of cell water) at ki (hr-*) (hr) 
No. treatment at 20°C °C Obr 4hr O2hr 24hr O-2hr 2-4hr 
la None 750 37 49-5 17 0-39 4 
6 Anoxia 750 49-5 58 0-07 0-022 0-020 
2a 745 38 38 12 0-63 O35 0-024 0-017 
6 . NaCN 5 mu 745 38 38 51 -001 -005 0017 0-021 
3a 747 37 48-5 13 066 O36 0-025 0-019 
DNP 05mm 744 37 48-5 55 0-02 003 0028 0-019 
4a None 748 8 37 55 11 0-82 041 0032 0-022 
b = None 744 24 55 19 038 032 OO17 0-012 
¢ NaCN5mm 747 337 55 595 «600-038 
5a None 765 37 49 12 0-62 052 0027 0-022 
b = None 736 37 47-5 12 0-63 043 0-024 0-018 
c None 6-96 37 46 15 0-46 40:30 0-020 0-018 
6a None 740 86375 38 13-5 062 0-41 0-027 0-023 
b =None 730 245 38 20 028 O19 40-014 0-010 
-¢ Compound E 732 245 38 20 0-24 O21 0013 £0011 
0-6 mg % 
7a None 754 62 32 0-23 O19 40-013 0-010 
b ny E 754 25 60 31 0-26 020 0015 0-010% 
mg /o 


DNP =2:4-dinitrophenol. The small negative values for k, found here and elsewhere are probably 
due to experimental error. 


that the rate constant for active efflux is greater in stored chicken erythrocytes 
with a high Na content, than in fresh cells, although the metabolic activity of 
the former is unlikely to be greater than that of the latter, suggests that the 
active component of transport works more efficiently as cell Na concentration 
rises, 

External K concentration and Na transport. Omission of KCl from the 
standard diluent gave a cell suspension with a content of 1 m-equiv K/I. 
external phase: by the addition of KCl external [K] could be raised to any 
desired level. It was found that Na transport fell a little as [K,] declined 
from 12 to 5 m-equiv/l. and more markedly as [K, ] fell below 2 or 3 m-equiv/l. 
(Table 6). 

pH and transfer constants. In human erythrocytes Harris & Maizels (1951) 
record that k, and k, for Na is less when cell pH is 6-9 than when it is 7:3, 
while between 7-3 and 7-5 there is little difference in the transfer rates. These 
findings are confirmed by Solomon (1952), while Harris (1954) states that if 
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the rate constant for influx be corrected for asymmetry, the effect of pH is 
quite slight. Table 3, no. 17, illustrates these findings for human cells by a 
single experiment, where k, is roughly constant for cell pH 7-3-7:5, while at 
pH 7-09 Na transport is definitely less: £, decreases a little with pH. In fresh 


TABLE 5. Effects of initial cell Na concentration on Na transfer 


In each experiment samples of cells from the same blood were stored at 4° C with media either 
rich or poor in Na, to give high or low values for cell Na. After 7 days the various cell samples 
were all incubated at 38°C in a medium containing Na, 155 m-equiv; K, 10 m-equiv; glucose 
11 m-mole/1. 


ky ky 
No. pH  atOhr at4 O-2hr 24hr 0-2hr 2-4 hr 
Chicken la 7-20 60-5 16-5 0-56 0-42 0-023 0-025 
b 7:26 44 15°5 0-48 0-41 0-022 0-024 
Cc 7-31 22-5 12-5 0-44 0-35 0-019 0-022 
2a 7-52 42 13-5 0-54 0-39 0-019 0-016 
b 7-56 30 12 0-44 0-29 0-018 0-013 
3a 7-42 50 15 0-72 0-33 0-034 0-022 
b 7-45 43 13-5 0-69 0-38 0-030 0-022 
c 7-45 325 125 048 086 0026 0-021 
4a 7:33 46 15 0-67 0-26 0-030 0-018 
b 7-36 26-5 14-5 0-50 0-20 0-023 0-016 
Human 5a 7-37 71:5 56 0-10 0-10 0-021 0-018 
b 7-40 45 37-5 0-12 0-10 0-021 0-016 
6a 7-32 56 37 0-22 0-16 0-028 0-023 
b 7-27 29 18-5 0-25 0-18 0-021 0-018 


TaBLe 6. Effects of external K concentration on Na transfer in fresh chicken erythrocytes 


Temp. 37° C. 
External medium 
ky (hr-*) (hr-*) 

No. pH (m-equiv/l.) (m-equiv/l.) O-2hr 2-4hr 0-2 hr 2-4 hr 
la 7-61 12-0 153 0-47 0-33 0-019 0-013 

b 7-56 3-0 162 0-41 0-21 0-017 0-010 

¢ 7-56 1-0 _ 164 0-35 0-17 0-019 0-010 
2a 7:26 12-8 154 0-34 0-20 0-018 0-011 

b 7:27 4:8 160 0-30 0-21 0-017 0-013 

¢ 7:27 1-8 163 24 0-14 0-016 0-011 

d 7:28 0-8 164 0-21 0-13 0-017 0-015 


chicken cells (Table 3, nos. 6-8) k, is also roughly constant between pH 7-25 


and 7-67 with, perhaps, an optimal point at about pH 7-4; at pH below 7-1 
active Na efflux is definitely less. Na influx, on the other hand, is little 
affected by change in pH between 7-02 and 7-67. 

ki and ki. Except in the poisoned systems described later k, and k vary 
togetlaiad thus k; is less during the second half of incubation than in the first 
half; other examples are seen in Tables 5, 6 and 10. 

Temperature and Na transfer. Data for this are given in Tables 3 and 4 and 
the apparent energy of activation summarized-in Table 7. The results for 


human cells are in qualitative agreement with those of Harris (1954) in that 
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the apparent energy of activation for active Na efflux (/,) is about 20,000 cal 
and exceeds that for influx. Hence, as the temperature of incubation of human 
cells is lowered, cell Na tends to rise. Except in Expt. 3, the difference in the 
respective figures is small and so the presumed equilibrium value for cell Na 
concentration ({Na,],.) can only be slightly greater at the lower temperature 


Taste 7. Apparent energy of activation of Na transfer in human and chicken erythrocytes, 
and of lactic acid production by human cells 


Apparent activation energy (cal) for : 


Temperature lactate 
Na efflux Na influx production 

No. (°C) 0-4 hr 0-4 hr 0-4 hr 

1 Human, fresh 27-37 19,600 18,600 16,400 

2 Human, fresh 23-8-30-5 15,700 12,800 17,400 

3 Human, fresh 23 -29-5 19,600 12,000 15,000 

4 Human, fresh 20-5-29 17,300 15,600 19,800 
5 Human, fresh 28-2-37-2 17,800 16,500 _ 
6 Chicken, fresh 25 -37-5 12,000 15,200 —- 
7 Chicken, fresh 24 -37 8,700 10,800 — 
8 Chicken, stored 24 -37 8,600 8,700 — 
9 Chicken, stored 24-5-37-5 10,400 10,200 -- 


TastE 8, Na concentration of fresh chicken erythrocytes incubated at 


various temperatures 
“ Cell Na concentration (m-equiv/l. cell water) after incubation for 
No. CC) 3 hr hr Thr 

la 38 5-8 6-2 58 

b 25 5:8 5:8 5:8 

2a 37 9-3 9-0 9-0 a 7:8 

b 27 9-3 8-6 7-9 i 6-8 

3a 38-5 9-3 9-1 8-9 9-1 — 

b 24 93 8-6 79 73 

4a 38 10-0 10-0 9-2 8-8 — 

b 24 10-0 8-1 76 7-6 _ 
(23° C) than at the higher (37-38° C). With fresh chicken cells, on the other 
hand, the apparent energy of activation for efflux is less than that for influx: 
it follows that the equilibrium value, [Na,],., must be less at 24 than at 
| 38° C. The data in Tables 3 and 4 leave this uncertain, but the prolonged 


observations of Table 8 show that the Na concentrations of chicken cells are 
in fact a little lower at 24 than at 38°C. It may further be noted that the 
apparent energy of activation of Na influx and especially of efflux is much less 
in chicken erythrocytes than in human cells. 


Metabolism and Na transfer 
In fresh human blood incubated at 37°C glycolysis is rapid. Solomon’s 
(1952) figure for the disappearance of glucose is 2-33 »mole/ml. cells. hr, while 
Raker, Taylor, Weller & Hastings (1950) give 1-4 pmole; for stored cells the 
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figure is about 1-5 wmole (Maizels, 1951). Bernstein (1953) recalls Hsu’s (1935) . 


observations that glycolysis is much more active in leucocytes than in erythro- 
cytes, and suggests that autolysis of leucocytes may account for the lowered 
rate of glycolysis in the cells of stored blood. He confirmed this view by 
showing that consumption of glucose was between 1:2 and 2-2 ymole/ml. cells 
in suspensions containing leucocytes, and between 0-9 and 1-35 in cells with 


the leucocytes removed. He found that in human blood (including leucocytes) ' 


lactic acid formation corresponded to 70-90 % of the glucose that disappeared, 
while in erythrocytes freed from white cells the maximum figure of 2 mole 
lactate per mole of glucose was approached, the actual yield being 91-98%. 
The latter observation was confirmed by estimating loss of glucose and gain of 
lactate in stored human cells, where it may be presumed that the leucocytes 
have autolysed: here, lactate formation accounts for nearly all the glucose 
disappearing (Table 9), this table also illustrates the marked effect of pH on 
glycolysis. It is worthy of note too (Table 7), that the apparent energy of 
activation of lactate formation is similar to that of active Na efflux. 


Tasie 9. Disappearence of glucose and formation of lactate in human erythrocytes stored at 
4° C for 9 days and then incubated at 37° C for 5 hr 


pmole ji pmole lactate 


formed by 
pH at 1 ml. cells 1 ml. cells 
No 20° C in 1 hr in 1 hr 

1 6-83 0-49 0-81 
7-21 0-82 1-67 
7:55 1-71 3-15 
2 6-87 0-50 0-81 
7:23 0-93 1-80 
7-57 1-83 3-52 


Fresh chicken blood deprived of leucocytes uses about 70-80 yl. O, per ml. 
cells per hr (Tables 13 and 14) corresponding to about 0-6umole glucose 
oxidized. In this time too, about 0-05 mole glucose is converted to lactate, 
perhaps because conditions in vitro do not favour complete oxidation. In the 
presence of respiratory poisons, glycolysis in chicken erythrocytes was much 
increased, and in view of Bernstein’s results, it seemed desirable to obtain 
a measure of the contribution of leucocytes to glycolysis in chicken blood 
poisoned with cyanide. This was done as follows: two samples of heparinized 
chicken blood were centrifuged, the cells of one sample were simply re- 
suspended, while the buffy coat of the second sample was removed, and the 
residual cells and plasma were then well shaken. The latter suspension was 
itself divided and centrifuged, one part being well shaken without removal of 


_ the buffy coat, which at this stage was hardly perceptible, and the second 


being shaken after removal of the buffy coat. After the whole process had 
been repeated yet a third time, it was only possible to skim the upper layer of 


the erythrocyte column, no white buffy coat being visible. Cyanide was added 
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to all the samples, and lactate production measured after incubation. After 
one, or at most two, ‘skimmings’ lactate production fell to a constant low 
level: this corresponded to the disappearance of leucocytes from the packed 
cell mass. In one experiment, liberation of lactate by fresh chicken erythro- 
cytes together with leucocytes was 5-56 wmole/ml. cells. hr, which subse- 
quent ‘skimming’ lowered successively to 1-42, 1:22 and 1-24; in another 
observation, the figures were 9-20 before removal of the buffy coat and 1-92, 
1-61 and 1-59 after, while a third observation gave 7-90 and then 2-39, 1-84 
and 1-70. With chicken blood stored at 4° C for a week, and then incubated 
with cyanide, initial liberation of lactate was much less at 1-46 wmole/ml. 
cells. hr, and successive removals of residual buffy coats had little effect, 
lactate production falling to 1-38 and 1-32 as a result of treatment. This 
doubtless correlates with the observation that the buffy coat of stored chicken 
blood contains few surviving leucocytes, and consists of ‘smudge’ cells, fibrin — 
and the nuclei of haemolysed erythrocytes. With fresh human cells, removal - 
of the buffy coat decreased glycolysis by 34% from 4-44 to 2-92, and after 
a second treatment to 2-80 umole/ml. cells.hr. This isolated observation 
compares with Bernstein’s (1953) mean figure of 24% reduction in glycolysis 
on removing leucocytes from fresh human blood (eighteen samples). It is 
clear that the contribution of leucocytes to glycolysis in chicken blood poisoned 
_ with cyanide is much greater than it is in human blood; whether chicken 
leucocytes glycolyse more actively, or whether there are more leucocytes in 
chicken blood has not been examined. It was evident, however, that when 
making quantitative measurements of glycolysis or respiration in chicken 
blood, the leucocytes must first be removed, even though the delay and mani- 
pulation involved, raises the base-line for lactate and Na in the erythrocytes. 
Effects of poisons on Na transfer and metabolism in chicken erythrocytes. 
Adequate amounts of such respiratory poisons as cyanide, azide, dinitro- 
phenol and malonate all have similar effects on Na transport in fresh chicken 
erythrocytes: k, calculated for the first 2 hr falls to one-half or one-quarter 
of that in the unpoisoned cell; thereafter, active transport practically ceases 
(Tables 4 and 10). In some cases small negative values of k, occur, which are 
doubtless due to experimental errors. It may be wondered if after 2 or 3 hr 
incubation with these poisons the erythrocyte is virtually dead. But this is not 
so, for if the cells be twice washed with normal plasma, Na transport again 
becomes active (Tables 11 and 12), When measuring respiration, duplicate or 
triplicate observations were made on each cell suspension, and earlier experi- 
ments with cyanide (1-5 m-mole/l. suspension) suggested that inhibition of 
respiration was marked, but that complete inhibition was not immediate. It 
seemed likely that these observations arose from a failure to equilibrate the 
suspension fully with atmospheric oxygen, or to remove its CO, completely 
before manometric readings were begun. When special precautions were taken 
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fresh chicken erythrocytes 
Cell ky (hr-*) ky (hr-*) 
Special pH at Temp. - A — A 
treatment 20° C (°C) 0-2 hr 2-4 hr 0-2 hr 2-4 hr 
7:30 37 0-37 0-35 0-016 0-014 
Cyanide 5 mm 7-40 37 0-22 0-04 0-013 0-013 . 
None 7-52 38-5 0-59 0-37 0-021 0-017 
Cyanide 5 mm 7-50 38-5 = «O16 0 0-017 0-015 
Cyanide 5 mm 7-58 38-8 0-10 —0-04 0-017 0-014 
Cyanide 10 mm 7-58 38-8 0-08 0-02 0-016 0-015 
Cyanide 5 mm 7:44 37 0-05 ~ 0-02 0-015 0-015 
Cyanide 5 mm 7-32 37 0-16 0-02 0-018 0-016 
None 7-52 38 0-43 0-35 0-027 0-020 
DNP 0-045 mm 7-48 38 0-07 0-04 0-022 0-014 
DNP 0-090 mm 7:47 38 0-05 0-01 0-022 0-015 
None 7:38 37 0-37 0-35 0-016 0-014 
Compound F 7-38 37 0-37 0-31 0-016 0-015 
0-1 mg % 
DNP =2:4-dinitrophenol. 
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to achieve removal of COQ, and full equilibration with air (see Methods), 
| cyanide appeared to cause immediate inhibition of O, uptake. The treatment, 
which also involved centrifuging, does not leave the cells unharmed, for while 
the unpoisoned cells transport Na normally, the treated cells poisoned with 
cyanide transport Na much less efficiently than untreated cells similarly 


Taste 10. Effects of inhibitors of respiration, and of compound F on the transfer constants of 


TaBLE 11. Recovery of Na transport by poisoned chicken erythrocytes after 
washing in normal plasma 


Poison added at 0 hr 
(m-mole/l. cell suspension) Treatment at 2 hr 
None None 
5 None 
Na CN 5 Twice washed 
Dinitrophenol 0-5 None 
Dinitrophenol 0-5 Twice washed 


Cells stored for 1 week at 4° C before the addition of poison and subsequent incubation. 


Na (m-equiv/l. cells) at 
Ohbr 2hr 5 hr 
44-5 19 16 
44:5 51 64 
44-5 51 24-5 
44-5 51-5 61 
44-5 51-5 21 


TABLE 12, Recovery of Na transport by poisoned chicken erythrocytes after 


Twice washed with plasma 
at 3 hr 


0-02 
0-34 


0 
0-27 


0 
0-23 


washing in normal plasma 
Fresh cells suspended in a medium containing 5 mm-NaCN for 3 hr and then washed. 
ka (hr-1) at 
Treatment of cells 3 hr after 
the addition of cyanide O-lhr 1-2br 23hr 34hr 45hr 

None 0-12 0-06 0 0-02 
Twice washed with plasma 0-12 0-06 0 0-52 

at3hr 
None 0-18 0-03 -0-01 0-03 
Twice washed with plasma 0-18 0-03 -0-01 0-31 

at 3 hr | 
None 0-09 0-02 — 0-02 — 0-03 

0-09 0-02 — 0-02 0-32 
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poisoned. Thus the rate constant for efflux of untreated poisoned cells is about 
0-15 hr-! for the first 2 hr of incubation (Table 10), while after full aeration 


and extraction of CO, it is only about one-quarter of this (Table 14); in short, 


the response of treated fresh cells to respiratory poisons differs from that of 
fresh cells, and resembles that of untreated stored cells similarly exposed 
(Table 4). 

Dinitrophenol inhibited Na transport in chicken blood, but only appeared to 
act in relatively high concentration (0-5 m-mole/l.). Dr J. D. Judah (personal 
communication) suggested that this might be due to inhibition by plasma, and 
certainly, when the erythrocytes were suspended in saline; DNP became 
effective at a concentration of 0-045 mm or less. According to Dodds & 
Greville (1934) DNP increases the respiration of tumour tissue and a similar 
effect on chicken erythrocytes is shown in Table 13; it also inhibits oxidative 
phosphorylation (Judah, 1951) and this is doubtless the cause of its inhibitory 
action on Na transport (Table 13). 


TaBLE 13. Oxygen consumption and outward transfer constants for Na (k) of 
fresh chicken erythrocytes treated with respiratory poisons 


Rate of oxygen consumption 
Additions ky (hr-*) (yl./ml. cells. hr) at 
(m-mole/1. cell A 5 A 

No. suspension) 0-2hr 24hr 0-1 hr 1-2 hr 2-3 hr 3-4 hr 

1 None 0-43 0-35 70 64 — 63 63 

DNP 0-045 0-07 0-04 91 87 80 71 

DNP 0-09 0-05 0-01 110 96 91 83 

2 None 0-34 026 127 122 114 114 

. Azide 1 0-25 0-06 133 119 102 102 
Azide 3 0-11 0 ~ 130 106 80 75 

Azide 10 0-08 ~ 0-03 123 83 57 48 


Note. These experiments differ from previous ones showing values of ki, because CO, was 
extracted from cell suspensions, which were also aerated before incubation. 


The metabolic effects of azide are complex: it inhibits the cytochrome 
oxidase system, and in addition, as Judah (1951) has shown, it acts like DNP 
and inhibits oxidative phosphorylation. Azide acts less powerfully than 
cyanide and even in the highest concentration used (10 m-mole/l. cell sus- 
pension) only caused partial inhibition of respiration at 2hr (Table 13). 
Nevertheless, the reduction in Na transport was marked, which suggests that 
the action of azide on chicken erythrocytes is directed chiefly against oxidative 
phosphorylation. Fluoroacetate was rather ineffective (Table 14), while 
malonate inhibited both respiration and Na transport—but only when present 
in fairly high concentrations (about 8 m-mole/l. cell suspension). Hence, it 
seemed desirable to rely mainly on cyanide experiments, when attempting to 
correlate transport with respiration, although this involved the use of 
KCN-KOH mixtures in the central well of the Warburg flasks (Krebs, 1935). 
It has already been noted that high concentrations of cyanide cause an 
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immediate inhibition of respiration, but Na transport, though reduced, per- 
sists for $ hr or perhaps a little longer (Table 14); after 1 hr active efflux has 
ceased. With small amounts of cyanide, the range of concentration is quite 
critical, so that 0-07 mm may give only slight inhibition of respiration and 
transport, while with 0-14 mm the effects are marked. On the whole, there is 
a rough correlation between failure of transport and inhibition of respiration. 


TABLE 14. Effects of respiratory poisons on the oxygen consumption and rate constant for 
Na efflux (k) from chicken erythrocytes 


(m-mole/l. cell r 
No. suspension) O-Lbr 1-Qhe Oghr 1-2hr 


la Fluoroacetate 0 0-47 0-42 84 71 
b Fluoroacetate 16 0-45 0-34 — 74 57 
2a Filuoroacetate 0 0-38 0-34 79 76 
b Filuoroacetate 16 — — 0-33 0-26 75 64 
3a Malonate 0 0-44 0-30 80 77 
b Malonate 2 — 0-33 0:21 71 68 
Malonate 8 0-19 80-14 52 28 
4a Cyanide 0 031 0-25 
b Cyanide 007 — 0-26 0-20 — 69 40 
yanide 0-14 — 0-21 0-07 52 28 
5a Cyanide 0 0-40 0-29 — 78 81 
b Cyanide 007 . — 038 024 — — 69 69 
c Cyanide 0-144 — 0-27 018 58 53 
6a Cyanide 0 0-44 0-37 58 60 
b Cyanide 5 0-26 004 O15 -006— 8 0 4 0 
7a Cyanide 0 0-38 0-30 66 61 
b Cyanide 5 0-14 -0:02 006 0-03 0 0 0 0 
8a Cyanide 0 — 0-37 0-35 — 71 70 
b Cyanide 5 0-28 008 018 -0-07 4 0 2 0 
b Cyanide 5 0-14 0-03 — 
10a Cyanide 0 038.030 — 76 70 
b Cyanide 5 0-11 002 007 0-02 12 0 6 0 
lla Cyanide 0 0-36 0:28 — 7 67 
b Cyanide 5 0-10 -002 004 0-02 8 G3. th 0 


Note, These experiments, like those of Table 13, differ from previous ones showing values of ky, 
because CO, was extracted from cell suspensions, which were also aerated before incubation. 


It has already been noted that while stored chicken erythrocytes transport 
Na as efficiently as the fresh cell, the addition of cyanide causes a more 
complete and rapid inhibition of transport in the stored cell than it does in the 
fresh. 

Effects of compounds E. and F. The effects of compound E on stored cells 
(Table 4) and of compound F on fresh cells (Table 10) were examined: no 
action was detected. 


Relation of transport to glycolysis in human erythrocytes. Chicken erythro- 


cytes using 80 yl. O,/ml. hr could oxidize 0-6 zmole glucose/ml. cells, or if only 


80% Og were so used about 0-45 mole glucose/hr. Human cells at comparable | 
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pH glycolyse about 1-2—1-5 mole glucose (Table 9), so that the energy avail- 
able from this source is about five times greater in chicken than in human 
erythrocytes (assuming that 1 m-mole glucose glycolysed liberates 54 cal, and 
completely oxidized 775 cal). On the other hand, the energy available solely 
from glycolysis in the human cell is about twice as great as that available from 
glycolysis in the chicken cell poisoned with cyanide, and it may be wondered 
if the human cell would still transport Na were its power to glycolyse reduced 
to the level found in poisoned chicken cells. This was investigated by measuring 
the transfer constants of human erythrocytes at temperatures below 38° C. 


Tasie 15. Na transport and lactate production in erythrocytes incubated with 
cyanide (5 m-mole/l, cell suspension) 


Lactate formed 
pH of ky (hr) at (umole/ml. cells. hr) 

No. (°C) at 20°C O2hr 24br O2hr 0-4hr 
1 Chicken 37 7-55. 0-11 —0-61 — — 1-24 
2 Chicken 7-50 0-16 0 — 1-59 
3 Chicken 38-8 7-58 0-10 — 0-04 1-66 1-74 1-70 
4 Chicken 37 7-50 0-12 — 0-03 1-94 1-82 1-88 
Fa Human 37 7-49 0-38 0-34 — — 2-93 
b Human 27 7-50 0-13 0-12 — _— 1-21 
6a Human 30-5 7-34 0-21 0-18 1-80 
b Human 23-8 7-34 0-12 0-09 0-95 
Ta Human 29°5 7:33 0-18 0-14 — 1-65 
Human 23 736 0-08 0-07 — 0-96 
8a Human 29 7-30 0-24 0-20 1-30 
b Human 20-5 7°35 0-12 0-50 
9a Human 38 7-50 0-33 0-29 — 3-36 
b Human 38 7-29 0-42 0-32 — — 2-10 
Human 38. - 702 0-34 0-23 1-23 


As in the case of chicken cells, cyanide was added to the suspensions, though 
transport in non-nucleated erythrocytes is virtually unaffected by respiratory 
poisons (Maizels, 1951). The effects of temperature on the transfer constants 
of human cells are shown in Table 3, while in Table 15 the constants may be 
compared with the corresponding productions of lactic acid. Similar data are 
also shown for chicken cells, and it will be seen that under appropriate condi- 
tions lactate production in human and chicken cells becomes similar, yet in 
the former transport occurs, and in the latter it remains absent. It will also 
be noted that for human cells at constant pH, the rate constant for active 
efflux (k,) varies directly with lactate production (Table 15, nos. 5-8). But at 
constant temperature and variable pH this relation does not hold, for glyco- 
lysis is much more affected by pH changes than is the transfer constant for Na 


efflux (Table 15, no. 9): this confirms previous observations (Maizels, 1951; 
Solomon, 1952). 
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DISCUSSION 

Na and K erythrocytes. In human blood the ratios ptasma/ [Cl] cen» 
{Na [Na }piasma and [K},.n/[K Tespectively approximate to 1-4, 0-11 
and 30; in chicken blood the corresponding ratios are about 1:3, 0-09 and 30. 
If the chloride distribution is regarded as a measure of the Donnan asymmetry, 
then it follows that in the respiring chicken erythrocytes as in the non- 
respiring human cell, both Na and K are actively transported across the cell 
membrane. 

In an earlier section of this paper it has been shown that if erythrocytes, 
which usually contain about 12 m-equiv Na/I. cells, are quickly washed in 
KCl solution, there is an almost immediate loss of about 5-2 m-equiv Na from 
human cells and 7-5 from chicken cells; additional washes cause little further 
loss. To these losses, Na in the intercellular plasma contributes about 3 m-equiv 
in human cells and 4:5 in chicken cells, leaving 2 or 3 m-equiv Na easily 
exchanged, at a rate and in an amount which is practically unaffected by 
changes in temperature between 4 and 38° C. This may suggest that the easily 
exchanged fraction is derived from the cell surface rather than from the 
interior. The fraction, however, increases greatly under certain conditions: 
thus with cells stored at 4° C it may double in 2 weeks and increase fourfold in 
5 weeks (Clarkson, unpublished); so too, in sickle-cell anaemia easily ex- 
changed Na is about 7 m-equiv in oxygenated blood, increases to about 
25 m-equiv/l. cells when reduction is complete, and reverts to 7 or 8 m-equiv 
on re-oxygenation (Clarkson & Maizels, 1955). It is unlikely that in these 
various circumstances the adsorbing power of the cell increases proportionally, 
and it is more likely that easily exchanged Na increases because the cells 
become more permeable. If this applies to abnormal erythrocytes or to cells 
altered by cold-storage, it may well apply also to fresh normal cells, in which 
case it must be assumed that easily exchanged Na is derived from a small pro- 
portion of very permeable cells with a high Na content, rather than from each 
and every erythrocyte. This seems probable, because while the mean Na con- 
centration of erythrocytes is about 12 m-equiv/l. cell water (excluding inter- 
cellular Na), easily exchanged Na is lost almost as quickly from cells washed 
in a KCl medium containing 15 m-equiv Na/I. as it is when the wash-fluid is 
pure KCl solution; indeed, immediate loss of Na from the erythrocytes 
continues, though in decreasing amounts as external Na is raised from 15 to 
60 m-equiv (Table 2). The evidence that easily exchanged Na is derived from 
the interior rather than from the surface of the normal erythrocyte is not con- 
clusive, though the possibility is supported by the observations of Davies 
(1954) that kidney tissue within 2 or 3 min of slicing loses about 30umole 
K/g and gains about 40 »mole Na. However this may be, it seems probable 
that human and chicken erythrocytes contain two Na fractions, a large 
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fraction whose rate constant for passive transfer is about 0-02 hr-’, and a small 
fraction (derived from the surface or interior of the cell, or from both sites) 
which exchanges very rapidly. In addition, Solomon (1952) has described 
a third Na fraction, inexchangeable, or exchanged only with difficulty. He 
emphasizes that when human erythrocytes are incubated with Na*, the con- 
centration of Na and Na* at first converge, but show no tendency to ultimate 
meeting. His data suggest that about 2 m-equiv Na/I. cells are inexchangeable ; 
methods in the present paper indicate a figure of about 1 m-equiv. Solomon & 
Gold (1955) have also produced evidence for two potassium fractions in human 
erythrocytes, the smaller exchanging twice as rapidly as the larger. 

Cell Na concentration ([Na,]) and Na efflux. As a result of storage at 4° C 
with different media, the concentration of cell Na may be varied. When several 
samples of such erythrocytes are incubated in identical media, it is found that 
in the case of human erythrocytes the initial value of [Na,] has little effect on 
ks (Table 5); this confirms the observations of Harris & Maizels (1951). In the 
case of chicken erythrocytes, k, is greater when the initial value of [Na,] is 
high. Since the Na efflux has been corrected for the passive component, and 
since it is improbable that metabolism is more active in Na-rich erythrocytes 
than in Na-poor cells, it must be presumed that Na is transported more 
efficiently when cell Na is high than when it is low. Thus, Na transport in 
human cells appears to be a first order process, while with chicken cells the 
reaction is of a higher order. Since [Na,] of stored cells falls during incubation, 


@ progressive decrease in k, may be expected, and this accounts in part for 


the fall seen in Table 4 at 2-4 compared with 0-2 hr, though not for the 
similar but slighter falls of k, in fresh cells (Table 3). 

External K concentration and Na transport. With human erythrocytes k; for 
Na is unaffected by changes in external K concentration ({K,]) as long as this 
exceeds 2 m-equiv/l. (Harris & Maizels, 1951), though when [K,] falls to about 
1 m-equiv a marked decrease in k, occurs. With chicken erythrocytes (Table 6) 
Na transport decreases slightly as [K,] falls from 12 to 5 m-equiv, and more 
markedly when [K,] is reduced below 3 m-equiv/l. suspension. 

pH. The effects of pH on Na transfer in human erythrocytes have been 


described elsewhere (Flynn & Maizels, 1949; Harris & Maizels, 1951; Solomon, — 


1952): between pH 7-7 and 7-25 k, alters rather little, but below pH 7-25 
transport decreases. The rate constant for Na influx, corrected for asymmetry, 
decreases slightly with fall of pH; typical findings are shown in Table 3, no. 17. 
With chicken erythrocytes the pH relations of efflux are similar, but influx is 
practically unaffected (Table 3). These findings were contrary to expectations, 
because it was thought that while human erythrocytes were relatively in- 
different to pH, in the more actively metabolizing chicken cells the pH range 
might be more critical. 


Temperature coefficient of influx and efflux. Between 23 and 38°C the 
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temperature coefficient for the rate constant of active Na efflux (kj) from fresh 
chicken erythrocyte is less than that for the rate constant of influx (k;) 
(Table 7). Hence, if the temperature of a suspension be lowered the equi- 


- jibrium value for cell Na must also fall and this is in fact the case (Table 8). 


At some point between 4 and 23°C however, this relation of temperature 
coefficients must be reversed, since it has been seen that the Na concentration 
of cold-stored cells rises. This interesting observation corresponds with those 
of Solomon (1952) who used human cells and found for the range 30-37° C 


that the apparent energy of activation for influx was about 20,000 cal and for 


efflux about 15,000. However, in the present series of experiments with 
human cells, the apparent energies of activation averaged 15,000 cal for kj 
and 18,000 cal for k,, while for the uncorrected constants k, and k, the figures 
were 15,000 and 17,700 cal. There is thus a discrepancy between Solomon’s 


results and our own. 


If the apparent energies of activation of influx and efflux be known, and 
also [Na;] at any given temperature, then [Na,] at any other — 
within the range reviewed may be calculated from the equation 7 


RT. In LN 
[Nailon 


where A, 1s the apparent activation energy for efflux, A,,, for ietian Ris the 
gas constant, 7', and 7’, the absolute temperatures corresponding to 2° and 
y° C, [Na]. the keen equilibrium concentration for cell Na at 2°C 
(t=infinity) and [Na,],,,, the equilibrium concentration for cell Na at y° C, 
which is to be calculated. The equation for (A,,4—j,) 18 based on the fact 
that at equilibrium k, [Na,]=k, [Na,], &, and k, being the observed transfer 
constants uncorrected for asymmetry; it is implicit that the absolute value of 
the efflux at any given temperature is proportional to [Na,] and to a rate 
constant which is dependent on temperature. It is very uncertain whether the 
equation is strictly applicable to a complex system consisting of numerous 
reactions, each with its own temperature coefficient, but its application should 
have some qualitative value, and for two sets of similar data should at least 
yield results worth comparing. From the equation it follows that if, as in 
Solomon’s experiments with human cells, A, —-Aj, is about — 5000 cal, 7 and 
y respectively 37 and 27° C, and if [Na,] is 10 m-equiv/l. cell water at 37° C, 
then cell Na concentration at 27° C should fall to about 7-5 m-equiv. On the 
other hand, if as in the present paper A,,,,—,, is taken as +2700 cal, and the 
equilibrium value for [Na,] as 10 m-equiv at 37°C, then at 27°C [Na,],, 
would be 11-7 m-equiv. That the equilibrium value for [Na,] is in fact higher 
at 27° C than at 37° C is supported by data in Table 3, which may be con- 
sidcred independently of, and quite apart from, any additional data on Na* 
concentration, or on k, or ky. In these experiments, human blood had been 
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kept for several hours at 4° C and cell Na had risen, falling again on subsequent 
warming. It will be seen that after 4 hr incubation, when the systems were 
more nearly at equilibrium, [Na,] was higher in the cooler suspensions: the 
average increase was +1-9 m-equiv/l. cell water for a mean temperature 
difference of —8-7° C. 

Parallelism of rate constants for influx and efflux. Apart from changes in i; 
induced by respiratory poisons or by low external K concentration, any change 
in the constant for efflux is paralleled by a corresponding change in the constant 
for influx. Thus, both k, and k; decline after several hours’ incubation of any 
given sample of chicken or human blood (Tables 3-5 and 10), while when a 
number of different samples are all incubated for the same time, cells with the 
higher k, also have a higher value for kj. The reason for this correlation is 
obscure, and Harris & Maizels (1951) suggest that it may be due to ‘a single 
mechanism for transport in either direction’. 

Effects of respiratory inhibitors on transport. Agents which inhibit respiration 
in chicken erythrocytes also inhibit Na transport, while inhibitors of glyco- 
lysis have little effect, provided some respirable substrate like lactate be 
present (Maizels, 19545).. An attempt has been made to correlate oxygen con- 
sumption with transport, and the data are shown in Tables 14 and 15. Some 
inhibitors were unsatisfactory, for while the effects on transport were marked, 
the metabolic effects were confusing. Thus dinitrophenol inhibits oxidative 
phosphorylation (Judah, 1951), but increases O, consumption (Table 13). 


Azide has a similar action (Judah, 1951) besides inhibiting cytochrome oxidase, 


and. this agent appeared to inhibit transport with only a moderate decrease 
in the oxygen consumed. Fluoroacetate (Table 14) acted feebly, perhaps 
because chicken erythrocytes lack the specific activator, which according to 
Buffa & Peters (1949) fluoroacetate requires. Malonate was more satisfactory, 
though its action was also rather weak (Table 14). Cyanide was very active 
even in low concentrations, provided that equilibrium mixtures of KOH and 
KCN were present in the flask wells. With fluoroacetate, malonate and low 
concentrations of cyanide, there was rough correlation between reduction of 
respiration and decrease in the rate constant for efflux (Table 14). When, 
however, the concentration of cyanide was high, transport remained fairly 
active during the first half-hour of incubation, though respiration was almost 
completely inhibited (Table 14, nos. 7-11), and it must be presumed that Na 
efflux was energized by metabolic reserves accumulated during respiration, 
and still available after respiration had ceased. After incubation for 1 hr both 
respiration and transport had ceased: indeed, a number of negative values for 
ky were observed, some of which are shown in Tables 4, 10, 14 and 15. The 
values were small, averaging —0-02 hr- in ten experiments carried out by the 
method used for obtaining the data of Table 14. However, it is thought that 
special weight should be given to Expts. 9-11 of Table 14 because in these the 
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- technique was most exacting: Na was estimated in quadruplicate and Na* in 
triplicate, and while in earlier experiments tracer-free cells were washed with 
KCl, and cells containing Na* with normal chicken plasma, in these three 
experiments both sets of cells were washed with plasma that had been dialysed, 
and then reconstituted with KCl. The values for k, thus obtained were about 
40-02 hr-? between 1 and 2 hr, and it is thought that such small negative 
values as are found in other experiments, are due to experimental error. — 

Finally, the relation of energy liberated to transport effected may be con- 
sidered. Chicken erythrocytes respiring at 38°C liberate about 400 cal/l. 
cells. hr; after partial reduction of respiration with cyanide, the value may fall 
- to 140 cal, while when fully poisoned with cyanide, glycolysis is the only 
source of energy, corresponding to about 45 cal: the values of k, corresponding 
to these various conditions are respectively about 0-4, 0-1 and Ohr—. In 
human erythrocytes, glycolysis is the only source of energy, corresponding to 
80 cal/l. hr at 37° C, to about 45 cal at 30° C and to about 25 cal at 23° C: the 
corresponding values of k, are approximately 0-3, 0-17 and 0-1 hr-4 (Table 15). 
It thus seems that the respiring erythrocyte requires a greater amount of total 
energy for transporting Na, than does the glycolysing human cell, possibly 
because its general activities are so numerous and complex as to leave only 
a small fraction of the total energy available for transport. The possibility also 
remains, though no supporting evidence has been found, that in the respiring 
erythrocyte glycolysis cannot be linked to transport. 


| SUMMARY 

1. In the nucleated chicken erythrocyte, as in the non-nucleated huma 
cell, potassium as well as sodium is transported actively. 

2. Sodium trapped in the intercellular plasma of centrifuged erythrocytes 
contributes about 3 m-equiv/l. to the gross content of human cells and about 
4-5 m-equiv to that of chicken cells. Net cell Na left after intercellular Na is 
- deducted includes an inexchangeable fraction, a large fraction whose rate 
constant for passive penetration is about 0-02 hr-', and also a Na fraction 
which exchanges very rapidly with the external medium and which accounts 
for 2-3 m-equiv Na/l. cells. 

3. When fresh human erythrocytes are incubated for 2 hr at 37° C, the rate 
constants for Na efflux and influx corrected for the Donnan asymmetry 
(i.e. k, and kj) are respectively about 0-35 and 0-02 hr-; for chicken cells the 
values are about 0-45 and 0-02 hr-!. The rate of efflux declines with time: in 
part at least, this may only be apparent, and due to a failure to allow for 
inexchangeable Na within the cells. 

4. In human cells kj is largely independent of the initial level of cell Na, 
but with chicken erythrocytes k, increases with the concentration of cell Na. 
5. In chicken erythrocytes Na efflux decreases when external potassium 
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({K,]) is very low (less than 1 m-equiv/l. external medium) and tends to 
become maximal as [K,] rises above 3 m-equiv. 

6. In both human and chicken erythrocytes k, is roughly constant for a pH 
range of 7:25-7-65; below pH 7-1 Na efflux decreases. 

7. Between 24 and 37°C the apparent activation energy of Na efflux is 
about 18,000 cal and for influx about 15,000; hence fresh human erythrocytes 
gain Na on cooling to 24° C. For chicken erythrocytes the activation energies 
for efflux and influx are about 10,000 and 11,000 cal and hence with cells at 
equilibrium with the external medium, cell Na concentration is lower at 24° C 
than at 37° C. However, the activation energy for efflux must come to exceed 
that of influx somewhere between 4 and 24° C, for when chicken cells are 
cooled to 4° C, cell Na rises. In human erythrocytes there is close correlation 
between k,, glycolysis and temperature. But at constant temperature, there is 
much less correlation between k, on the one hand, and glycolysis and pH on 
the other. 

8. There is rough correlation between the action of respiratory poisons on 
respiration and on Na transport, though with high concentrations of cyanide 
inhibition of respiration is almost immediate, while between 4 and 1 hr elapses 
before inhibition of Na transport is complete. 
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SODIUM TRANSFER IN THE ERYTHROCYTES OF 
SICKLE-CELL ANAEMIA 
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University College Hospital, London 
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When blood from a case of sickle-cell anaemia is reduced, the erythrocytes 
assume bizarre shapes, presumably because of tactoid change in the haemo- 
globin. The disease is rare in Great Britain, but several cases were recently 
seen, and it was thought of interest to examine the effects of these remarkable 
changes in cell structure on the influx and efflux of sodium. 


MATERIAL AND METHODS 
Blood was centrifuged for 5 min, the buffy coat removed, and one part of cells suspended in a 
medium containing 2 parts of plasma, 1-3 of KCl solution (0-16 m), 15-6 of NaCl solution (0-16 m) 
and 0-1 part of glucose (50%, w/v). The suspension was brought to pH 7 with HCl, and CO, and 
O, were extracted in vacuo. When blood looked well reduced, it was left for 4 hr at room temperature 
to complete reduction, so that only the band of reduced haemoglobin could be seen spectro- 
scopically. The containing vessel was then filled with nitrogen, and half its contents transferred 
to a second (evacuated) vessel. The latter was uncapped, and the reduced blood fully oxygenated: 
its pH had usually shifted from 7 to 7-4, and a drop or two of 0:2 n-NaOH was added to correct 
the relative acidity of the oxygenated suspension, and bring it to about the same pH as the 
reduced suspension (7:5). Both samples of blood were warmed to 38° C, Na* was added, and 
samples withdrawn for examination at suitable intervals, Each sample withdrawn was distributed 
between four special tubes. The special tubes consisted of a wide upper part of 12 mm diameter, 
drawn out to a sealed, graduated and calibrated capillary of about 2 mm internal bore. The tubes 
were centrifuged at 2000 g for 5 min, and then the cells in two tubes of each set of four were freed 
of supernatant plasma, and resuspended in 5-5 ml. Na-free wash-fluid. All eight tubes were then 


recentrifuged for 30 min, the volume of the packed erythrocytes (about 0-1 ml.) accurately read 


in each, and Na, Na*, haemoglobin, etc., measured on appropriate cell dilutions. Full details of the 
procedures are given in the preceding paper (Clarkson & Maizels, 1955). In earlier experiments, 
reduced blood was aspirated from the main reservoir into an evacuated bottle, and thence (after 
uncapping) to the centrifuge tube, where it was unavoidably exposed to the air. However, if the 
transfer was effected quickly and without shaking, there was no naked-eye colour change in the 
centrifuged cells. The washing stage was less satisfactory, as it involved resuspension of the cells 
in KCl solution by means of a teat and capillary pipette. On recentrifuging, the upper 10% 
of the column was red, and the lower 80% was purple and looked fully reduced: presumably the 
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upper face had become oxygenated because it was in closer contact with O, in the wash-fluid. A 


evidence was gathered of the speed and extent of alterations in the volume of intercellular plasma 
and in cell permeability on oxygenating reduced erythrocytes, it became clear that further 
precautions were necessary. Hence a wash-fluid of the following composition was used: 
KCl 140 m-mole, K,HPO, 5 m-mole, K-ascorbate 10 m-mole/l., pH being brought to 7-4 with KOH. 
The fluid was kept in vacuo till it was used, and cells washed with it remained very dark and 
apparently reduced on recentrifuging, though it is likely that deoxygenation of the wash-fluid, 
rather than the presence of ascorbate, contributed to the improvement. Ultimately, all procedures 
were carried out under liquid paraffin that had been extracted overnight in vacuo, cells being sus- 
pended in O,-free wash-fluid by bubbling N, down the capillary of the centrifuge tube. An attempt 
was made to use a closed system, covering the centrifuge tubes with rubber caps, evacuating, and 
introducing reduced blood through a needle. Cells were then re-suspended in the wash-fluid by 
introducing nitrogen gas through a long hollow needle passed through the cap, a second needle 
providing an escape. As, however, radioactive material also bubbled out of the vent, this method 
was abandoned. The additional manipulations also prolonged the washing process which should 
take only a few seconds. It was thought that the simple use of O,-free paraffin would delay access 
of 0, to the subjacent cell suspension, and by damping the movements of the cell surface, lessen 


_ any exchange tending to occur. It is not claimed that the reduction at this stage was absolute, but 


certainly the packed cells were almost black in colour and highly sickled. 


7 Clinical summary of cases 

Owing to the rarity of the disease, and the necessity of limiting the amount of blood examined 
to a few ml., investigations were not as full as might be wished. Two carriers of the sickle-cell trait 
were examined and three patients with sickle-cell disease. Both the former seemed well, were not 
anaemic and were free from jaundice or evidence of excessive haemolysis. Their erythrocytes 
showed slight sickling on reduction, and electrophoresis showed the presence of normal haemo- 
globin and of the characteristic haemoglobin described by Pauling, Itano, Singer & Wells (1949), 
haemoglobin 8, One of the patients was a West Indian girl of 16 yr, who had had repeated 
haemolytic crises for which splenectomy was done with doubtful benefit. When seen, her haemo- 
globin was 9 g/100 ml. blood, serum bilirubin was 1-4 mg % and reticulocytes were 3-5 % (Table 1, 
no. 3). The second patient (no, 4) was a boy of European appearance suffering from pyaemia, in 
association with which his haemoglobin fell from 10-3 to 7-1 g/100 ml. in 3 days: his reticulocytes 
were 3-5% and his serum bilirubin was 5-2 mg %. He was obviously suffering from a haemolytic 
crisis, though his jaundice was obstructive as well as haemolytic. The third patient (no. 5) was a 
West Indian 18 yr old, with a history of haemolytic crises. At the time of examination, however, 
haemoglobin was 12 g %, bilirubin 1-6 mg % and reticulocytes 1-8%. All these patients showed 
only haemoglobin § in their erythrocytes, and all showed slight sickling in oxygenated blood, and 
marked sickling of many cells in the reduced blood. 


RESULTS 

Intercellular plasma of centrifuged sickle cells. In normal blood, plasma 
trapped in erythrocytes centrifuged at 2000 g for 30 min is about 2% of the 
total volume (Maizels, 1945; Clarkson & Maizels, 1955), but it was thought 
that the change in the shape of sickle cells might increase this figure. In the 
case of sickle-cell trait (Table 1, no. 2), using Evans Blue (T 1824) as marker, 
trapped plasma was found to be 23% in oxygenated blood and 26% in 
reduced cells, In a fairly severe case of the disease (no, 3) trapped plasma was 
estimated at 3-1 % in oxygenated cells, and no less than 9-8 % for reduced cells. 


It was thought possible that the higher figure might be due to actual penetra- 
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tion of dye into abnormally permeable cells, and so in the case of no. 4 inter- 
cellular plasma was used as its own marker, and two additional plasma 
markers were used: Evans Blue and glycogen. Owing to the fact that the 
saline-wash used to remove the marker from between the cells caused some 
haemolysis, the plasma marker was the least satisfactory and glycogen the 
most. The results for oxygenated and reduced blood with plasma, Evan’s Blue 
and glycogen markers were respectively 2-9 and 9-2%; 2-6 and 86%; 3:1 and 
82%. In case 5, using Evans Blue as marker, trapped plasma was 2-7 % in 

oxygenated blood and 9-0 % in reduced blood. It follows that when cells are 
_‘gickled by reduction, they pack much less well on centrifuging. This probably 
accounts for the apparent increase in volume of incubated reduced sickle cells 


(Table 1). Change in volume is estimated from change in the haemoglobin 
content of unit volume of packed cells. Volume so measured shows an immedi- — 


ate increase of 7 or 8% on reducing sickle cells, with a further increase of only 
2 or 3% after 2 hr at 38° C. 


Effects of washing sickle cells with Na-free media and of adding Na* to cell 


suspensions. When normal human erythrocytes are washed with 50 or 60 
volumes of KCl solution and immediately centrifuged, they lose about 
5-2 m-equiv Na/l. cells, about 3 m-equiv being derived from the intercellular 
plasma, and the rest from an easily exchanged fraction actually associated 
with the cells (Clarkson & Maizels, 1955). When such cells are centrifuged 
immediately after the addition of Na*, the gain of tracer corresponds to about 
6 m-equiv, and the subsequent loss of tracer on washing the packed cells to 
about 5-7 m-equiv/l. cells. It should be noted that the word ‘immediately’ is 
not used in a strict sense, because it takes 1 min to suspend four lots of packed 
cells in the wash or other fluid, and the cells are also exposed to the fluid for an 
unknown time (possibly 5 min), until they are removed from effective contact 
by centrifuging. | 

The gross Na content of quite fresh erythrocytes from sickle-cell disease was 
examined in two cases; it was about normal in one case (12-8) and rather high 
in the second case (18-2 m-equiv/l. cells). By the time special observations 
were begun, however, cell Na had increased considerably (Table 1), partly 
because of the trauma of extraction of gases and consequent bubbling, partly 
as a direct result of the anoxaemia to which all cells were subjected, and in 
some cases because cold-storage of the blood before examination was unavoid- 
able. In the case of sickle-cell trait, washing oxygenated cells with KCI solu- 
tion caused an immediate loss of Na, which at 6 or 7 m-equiv/l. cells was 
slightly greater than normal, while reduced cells lost about 8 m-equiv. The 
immediate gains of Na* by cells suspended in media containing tracer were 
similar: about 7 m-equiv for oxygenated cells and 8 m-equiv for reduced cells. 
On washing cells that had been briefly exposed to Na*, residual Na* was about 
normal in oxygenated suspensions, 0-2-0-3 m-equiv/l. cells, while the figures 
for washed reduced cells were a little higher (Table 1). 
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In the case of patients with sickle-cell anaemia, Na loss on washing oxy- 
genated cells was about 8 m-equiv, a figure which is still quite small, though 
rather higher than in the erythrocytes of sickle-cell trait; the gains of Na* after 
brief exposure to tracer were similar. With reduced cells, on the other hand, 
Na loss on washing in KCI solution was very considerable, about 20-22 m-equiv, 
while immediate gain of Na* from media containing Na* was similar. If it be 
assumed that intercellular plasma in oxygenated blood is about 3%, and in 


TaBLe 1, Na and Na* contents of sickle-cell erythrocytes 
(External medium: Na 150-155, K10 and Cl 150-155 m-equiv/l.; phosphate 5 and glucose 


‘10 m-mole/1.) 
Hr at Incub- : 
4°C ation Na content (m-equiv/1. cells): 
 ineub- 38° C Cell pH Total Naafter Total Na* after 
Type ation 0, br V2 Na KClwash Na* KClwash 
l,carrier 40 + £420 100 294 26 685 — 
102 300 22-7 725 ~ O81 
2 102 21-2 6-89 
101 “i 316 231 845 110 
+ 2 100 7:84 16-1 3-67 
2 108 17-35 20-2 6-99 
3, disease 18 33:1 228 997 1-00 
(daughter 0 107 483 249 248 4-25 
of No, 2) 
+ 1 100 290 «8188 1216 3-63 
623 68 352 12-21 
+ 2 102 7:26 a 6-40 
4, disease 1 188 11:20 907 0-87 
0 107 318 1116 22-9 1-14 
2 108 7-36 17-0 
5, disease 23-6 166 7:00 0-44 
nin 398 176 2825 157 


V =volume as a percentage of the original cell volume. 


reduced blood about 8-5%, then easily exchanged Na is about 4 m-equiv in 
oxygenated cells, and about 7-10 m-equiv/l. in reduced sickle-cell erythrocytes. 

Since on washing, oxygenated cells lose less Na (and Na*) than reduced cells, 
it follows that any inadvertent oxygenation of reduced erythrocytes during 
the washing process would lead to some retention of Na and Na*, which would 
otherwise have escaped from the fully reduced cells. This may account for the 
variations in the residual values of Na* when reduced cells were washed 
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immediately after the addition of tracer: these were high in the less well- 
designed Expts. 2 and 3 of Table 1, and much lower in nos. 1, 4 and 5 where 
adequate reduction was maintained throughout. 

Transfer constants for Na. The rate constant for efflux, k,, has been calcu- 


lated from the equation [Na,},— [Nai], 

[Na,], [Naf], 
where ¢ is the time interval, [Na,], and [Na¥], the concentration of sodium and 
radio-sodium at ‘b’ hr, and [Na,], and [Na?'], the concentrations at ‘a’ hr. 
The.constant for influx, k,, is obtained by solving the equation 


where [Na,] is the external Na concentration; further details are given in the 
_ preceding paper (Clarkson & Maizels, 1955). Concentrations in the above 
equation were obtained by dividing cell contents by the water content. The 
latter was measured on oxygenated cells, and net values were calculated on the 
assumption that oxygenated sickle cells contain about 2°5% of intercellular 
fluid, and reduced sickle cells 8-5%. Since the haemoglobin content of the 
oxygenated sickle cells was about normal (30-35 g/100 ml. cells), the net water 
content was also about normal (71-68%). 

It will be noted that when calculating concentrations, it has been assumed 
that all cell water is free, and the usual convention of including water bound 
by haemoglobin has been followed. How far such bound water may alter 
as the result of tactoid change in the haemoglobin is uncertain, but it is likely 
that any such change would be slight, for in the case of normal haemoglobin, 
Drabkin (1950) submits evidence to show that water bound by haemoglobin 
crystals in phosphate buffer equals that bound by haemoglobin in concentrated 
solution within the cells. 

Harris (1954) has proposed correcting the transfer constants for the Donnan 
asymmetry as follows: k,=k,/f, and k,=k,—ki/f, where k, and k, are the 
observed rate constants for influx and efflux, k; and k; are the constants cor- 
rected for asymmetry, and fis the asymmetry factor which equals ,/[{(C1,]/(C1,]). 
Data for ‘f’ in normal erythrocytes are given by Harris & Maizels (1952). The 
chief ions contributing to the asymmetry are haemoglobin and organic phos- 
phate: in reduced sickle cells total phosphate is decreased (Prankerd, 1955) 
and haemoglobin is also low. However, if correction is made for the increase 
in intercellular fluid on sickling, decrease in phosphate amounts to only 10%, 
while the haemoglobin content becomes normal, though the base-binding 
power of the latter falls by about 6% as the result of reduction (Adair, 1925). 
Hence in reduced sickle cells base-binding by non-penetrating anion is about 
8% less than normal. For the present purpose, this difference may be ignored, 
and the values for ‘f’ proposed by Harris & Maizels may be used for reduced ' 


a 
5 
he 
| 
? 
5 
4 
4 
1 
3 
4 
q 
a 


- SODIUM TRANSFER IN SICKLE CELLS 509 


sickle cells, provided a correction be applied for the change in the isoionic point 
of haemoglobin on reduction: in the present paper this change has been taken 
as +0:15 pH units. | 

In view of the fact that the measurement of Na and Na* in sickle cells 
involves two variables (change in the volume of intercellular plasma and in the 
amount of easily exchanged Na), and that the control of these variables is not 
absolute, the estimation of transfer constants gives less accurate results than 
in normal erythrocytes. In the latter, k, at 0—1 and 1-2 hr was 0-36 + 0-05 and 


Tape 2. Transfer constants of sickle cells: k, and k, are the observed rate constants for efflux 
and influx; k, and k; are the constants corrected for the Donnan asymmetry 


ky (hr-*) k, kg (hr-) ky (hr?) 


O-lhr 1-2hr 0-lhr 12hr O-lhr 1-2hr O-lhr  1-2hr 
1, carrier + 0-26 0-21 0-027 0-021 0-24 0-20 0-023 0-018 
- 0-24 0-21 0-040 0-042 0-21 0-18 0-033 0-035 
2, carrier + 0-32 0-28 0-026 0-021 0-30 0-26 0-023 0-018 
- 0-28 0-23 0-052 0-031 0-24 0-21 0-046 0-028 
3, disease + 0-36 0-32 0-034 0-043 0-33 0-29 0-030 0-038 
- 0-34 0-37 0-109 0-081 0-25 0-30 0-098 0-073. 
4, disease + 0-46 039° 0-040 0-030 0-43 0:37 0-035 0-027 
- 0-53 0-39 0-090 0-099 0-46 0-31 0-080 0-088 
5, disease + 0-36 0-035 0-34 0-030 
0-31 — 0-097 0-24 — 0-086 — 


0-31+0-04 (mean and s.p. of 6 observations); k, was 0-023+0-003 and 
0-019 +0-003; k, was 0-35 + 0-05 and 0-30+0-04, and ki was 0-020 + 0-003 and 
0-017 + 0-003 hr-! (Clarkson & Maizels, 1955). It is important to note that in 
the experiments on which the previous figures were based, the erythrocytes 
had been washed with 55 volumes of KCl solution, and the transfer constants 
recorded apply to cell Na other than that which is easily exchanged: this also 
is true of the constants for sickle cells recorded below. 

In the case of sickle cells it will be recalled that all suspensions were first 
reduced, and then part of each suspension was re-oxygenated while the rest 
was left reduced. In oxygenated cells of the sickle-cell trait, k, was within 
normal limits in case 2 of Table 2, and low in case 1 where, however, the blood 
had been kept for 40 hr before examination; k, was also within normal limits. 
With reduced cells k, was perhaps slightly less than with oxygenated cells, 
while k,, the constant for passive transfer, was about doubled. In sickle-cell 
disease too, Na efflux was active in oxygenated cells, and was little affected by 
the sickling which occurs in reduced suspensions; k,, on the other hand, was 
nearly twice normal in oxygenated erythrocytes, while in reduced cells the 
increase was fourfold (Table 2). 

In sickle cells as in normal erythrocytes k, is apparently less at 1-2 hr than 
at O-l hr, perhaps because of commencing metabolic failure, or possibly 
because the figures for cell Na include, as in normal cells, a proportion of 
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inexchangeable Na (Solomon, 1952). The findings 1 in the case of k, and k; are 
similar to those for k, and k,. 

Fragility of sickle cells in solutions of hypotonic saline. On reducing the 
erythrocytes of sickle-cell disease, the haemoglobin is changed from a substance 
in solution to one capable of distorting the cell, and presumably having some 
sort of rigidity. It was thought that the latter change might increase the 
resistance of reduced cells to osmotic swelling, and this was investigated by 
measuring the haemolysis induced by solutions of hypotonic saline. The 
‘fragility’ of the oxygenated cells was measured in the ordinary way (1 volume 
of blood to 20 of medium at room temperature), while the reduced cells were 
injected with a syringe and needle through the perforated caps and rubber 
washers of vessels, whose contents had been treated in vacuo for the removal 
of dissolved gases. It was in fact found that there was no significant difference 
between the fragility of oxygenated and reduced cells in hypotonic saline. The 
respective percentages of oxygenated and reduced cells haemolysed in one 
experiment was 90 and 80% in 0:2% NaCl, 26 and 28% in 0-3% NaCl, 6 and 
6% in 0-4% NaCl and 0 and 0% in 0-5% NaCl: in a second experiment the 
figures for oxygenated and reduced cells were 64 and 56% in 0-3% NaCl, 
13 and 11% in 0-4% NaCl and 0 and 0% in 0-5 % NaCl. The fragilities of these 
cases are decreased as compared with normal erythrocytes: the observations 
for oxygenated blood thus agree with those of Diggs & Bibb (1939), and are 
correlated with the decrease in the mean corpuscular average thickness. 


DISCUSSION 

It has been seen that when blood from sickle-cell disease is reduced, inter- 
cellular plasma increases considerably, presumably because of mechanical 
interference with ‘packing’. When the reduced erythrocytes are washed in 
KCI solution, not only is the Na in the intercellular plasma removed, but also 
8-10 m-equiv Na/l. directly associated with the cells; this contrasts with the 
findings in oxygenated sickle cells, where the easily exchanged Na fraction is 
only about 3 or 4 m-equiv, and in normal cells where the figure lies between 
2 and 2-5 m-equiv/I. cells. The data suggest that sickling is accompanied by an 
increase in cell permeability. Such an increased permeability also seems to 
hold for the residual Na fraction (total Na less intercellular and easily 
exchanged Na), whose rate constant for influx doubles or trebles on sickling 
(Table 2). The findings suggest that in normal erythrocytes part of the haemo- 
globin is integrated with the structure of the cell, and plays a part in main- 
taining the normal impermeability tosodium. Failure of this integration when 
tactoid change occurs in the haemoglobin would then account for the rapidity 
of Na penetration. It is also possible that the distortion of the cell surface 


resulting from sickling, increases permeability, though this implies local 
stretching of the cell membrane, and is perhaps unlikely. 
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In contrast to the rate constant for passive flux, the constant for Na efflux, 
k,, is little affected by sickling, and it’ is of interest to consider the values 
of k,, the presumed rate constant for true active efflux corrected for the 
passive moiety of efflux. The use of the chloride concentration ratio as a 
measure of the Donnan asymmetry was suggested by Ussing (1949); Harris & 
Maizels (1952) showed that the ratio was independent of cation movements 
whether active or passive, and Harris (1954) applied the chloride ratio to 
correct Na efflux for the asymmetry factor, and so to ubtain net active efflux. 
There is thus an implication that the efflux is a first-order reaction. Such an 
assumption gains support from Table 2, where the uncorrected rate constants 
for efflux (k,) in reduced sickle cells appear to be about the same as the 
constants for oxygenated cells. Application of the asymmetry correction 
makes the rate constant for net efflux in reduced cells the same as, or rather 
less than, that in oxygenated cells, a finding which is more in accord with the 
decrease in adenosine triphosphate observed by Prankerd (1955). In any case 
it-is of interest that a cell distortion which has so much effect on passive 
penetration, should affect so slightly a —_— phenomenon like active 
transport. 

SUMMARY 

1, When erythrocytes from a case of sickle-cell trait are reduced, inter- 
cellular plasma is about 2-6°%; oxygenation lowers this to about 2-3% of the 
packed cell volume. In sickle-cell disease the figures are about 85% for 
reduced cells and 2-7 % for oxygenated cells. 

2. When reduced erythrocytes from cases of sickle-cell anaemia are vastly 


20 m-equiv Na/l. cells, of which about 12 m-equiv are derived from the inter- 
cellular plasma, while about 8-10 m-equiv consist of an easily exchanged 
fraction derived from the cells. If the reduced cells are re-oxygenated before 
washing, intercellular Na and easily exchanged Na are each about 4 m-equiv/l. 
cells. If reduced erythrocytes are centrifuged immediately after the addition 
of Na*, the gain of Na* is 20-22 m-equiv, but if the cells are re-oxygenated 
before the addition of tracer, the gain is only about 8 m-equiv/I. cells. 
3. Sickling of cells in reduced blood thus increases the amount of easily 
exchanged Na within the cells; it also increases the rate constant for influx of 
Na other than that which is easily exchanged, to about 0-08 hr-* or more, 
compared with 0-08 or 0-04 hr- for re-oxygenated sickle cells. 
4. The rate constant for active Na efflux corrected for the Donnan asym- 
metry is either unaltered by sickling, or is slightly decreased. 
5. It is thought that the haemoglobin molecules form part of the cell barrier 
which delays passive penetration of Na, and that when haemoglobin is with- 
drawn in some way by tactoid change, the rate of passive Na transfer increases 
considerably. 
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THE EFFECT OF TETRAETHYLAMMONIUM CHLORIDE ON 
THE MUSCLE MEMBRANE EXAMINED WITH AN 
INTRACELLULAR MICROELECTRODE 


By 8S. HAGIWARA anp A. WATANABE 
_ From the Department of Physiology, Tokyo Medical and 
Dental University, Tokyo 


(Received 31 January 1955) 


It has already been pointed out by Lorente de N6 (1949) that the tetraethyl- 
ammonium ion (TEA) is one of the most effective quaternary ammonium ions 
for prolonging survival of a nerve in the absence of external sodium. TEA also 
lengthens the duration of the action potential in certain nerve fibres. Fatt & 
Katz (1953) have demonstrated a very striking lengthening of the action 
potential by the same drug in crustacean muscle, and a similar result has also 
been obtained by Burke, Katz & Machne (1953) in crustacean nerve. The 
present work has been planned to elucidate the effects of TEA on the membrane 
of vertebrate striated muscle, especially in relation to the ionic behaviour of 
the membrane (Hodgkin & Katz, 1949; Hodgkin & Huxley, 1952). 


MATERIAL AND METHODS 


An isolated sartorius muscle of the Japanese toad (Bufo vulgaris) was placed in a Petri dish and 
immobilized by fixing both ends, being kept in a stretched condition in order to avoid a movement 
artifact. The preparation was viewed under a binocular microscope of x30 magnification, using 
transmitted light. Capillary microelectrodes with an external tip diameter of less than 1 y, filled 
with 3 m-KCl, were used for recording as well as for stimulation. A d.c. amplifier with an input 
cathode follower of low grid current and reduced grid-to-earth capacity was used. Two micro- 
manipulators of Peterfi type served for the recording and the stimulating electrode respectively. 
The general arrangement was similar to that described in a previous paper (Hagiwara & Watanabe, 
1954). Throughout the experiment two microelectrodes were kept inserted in the same fibre within 
a distance of 50, which is much smaller than the space constant of the fibre. In order to pass 
current through the fibre membrane, selected microelectrodes of low resistance (10-15 MQ) were 
employed. The polarizing current was a rectangular pulse passed through a series resistance of 
50-80 MQ. The current intensity for the threshold depolarization usually ranged between 0-1 and 
0-05 uA. Some electrodes became high-resistant as soon as they penetrated the fibre membrane, 
the increase of resistance probably being due to flexion o the electrode tip. 

The normal Ringer solution used had the following composition: NaCl, 0-65 g; KCI, 0-01 g; 
CaCl, 0-015g; NaHCO,, 0-002 g; H,0, 100-00 g. The TEA- or choline-Ringer was similar to the 
normal Ringer except that the NaCl was replaced by an osmotically equivalent amount of TEA 
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chloride or of choline chloride. Replacement of Na with TEA or choline to any desired extent was 
performed by mixing appropriate amounts of these three solutions. 

TEA chloride and choline chloride used in the present investigation were supplied by Dr Lorente 
de Né. All the experiments were performed at a temperature of 16-18° C. 


Fig. 1. Action potential of a toad muscle fibre in normal Ringer elicited by a prolonged current 
pulse. A and B, action potentials observed in the same fibre, the current intensity being 
larger in B than in A. C, a spike preceded by a prolonged local potential. Calibration, 50 mV. 


RESULTS 

The action potential in normal Ringer 
The resting potential of the toad muscle generally ranged between 90and 95mV. 
When a constant current pulse was passed in the outward direction through the 
fibre membrane an electrotonic depolarization appeared. As soon as the 
depolarization depressed the membrane potential to a certain level an action 
potential arose. This critical membrane potential was in the range of 40-50 mV, 
was fairly constant even in the cases in which the recorded resting potential 
showed variations, and was independent of the time taken to reach it as shown 
in Fig. 1 A, B. The action potential was observed rising to a peak of 140 mV in 
1 msec and falling to one-tenth of the peak voltage in a few msec. When a 
prolonged current pulse was used for stimulation, repetitive spikes were 
obtained (Fig. 1A, B). If the current was broken just as the critical level of 
depolarization was reached, the membrane potential sometimes remained at 
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the critical level for a long time after the break. In an instance illustrated in 
Fig. 1C such a potential continued for about 80 msec. This prolonged local 
potential in the toad muscle fibre is due to the long time constant of the fibre 
membrane, which measured 60-80 msec. 

When the muscle was placed in a medium containing some TEA, marked 
changes in the action potential were observed. The TEA effects could be 
classified into three different categories. The first was a prolongation of the 


action potential, the second a reduction of the peak voltage, and the last an 


initiation of repetitive spikes. They will be described in detail in the following 
sections. 
Prolongation of the action potential 
The TEA ion brought about a striking lengthening of the action potential. 
Fig. 2 B1 is a record obtained when three-quarters of the Na in the Ringer 
was replaced with the equivalent amount of TEA. A1 is the action potential 


_of a different fibre of the same muscle recorded before the replacement. In 


both cases the time necessary to reach the peak potential is almost the same, 
but in the former the potential falls much more slowly. The time required for 


the potential to decay to one-tenth of the peak potential is about ten times. 


longer in the TEA than in the normal Ringer solution. This prolonged decay 
of the potential became less marked when the concentration of TEA was 
decreased. At a concentration of 5-5 mm-TEA (Fig. 3B), the recorded potential 
was not very different from that obtained in normal Ringer (Fig. 3A). When 
the TEA was increased to 27 mm (Fig. 3D) the amplitude of the negative after- 
potential was greatly increased. Higher concentrations of TEA up to 55 mm 
caused further increase of the negative after-potential. But increase above 
this concentration did not generally induce any further lengthening of the 
action potential. In other words, there seemed to be a certain limit to the 
lengthening of action potential by TEA. 

This lengthening of action potential was usually accompanied by a modified 
twitch. Fig. 5B shows isometrically recorded twitches of the entire sartorius 
muscle obtained respectively before (N) and after (7') the application of 
modified Ringer, in which one-half of the Na had been replaced with TEA. 
The twitches were elicited by maximal shocks. The tension developed during 
the twitch in the TEA-Ringer is not only larger in magnitude but also longer 
in duration than that obtained in the normal Ringer. 

To elucidate the mechanism by which the prolonged action potential 
occurred, observations were made on the effect of TEA upon the membrane 
resistance in the resting and active state. In the first stage, measurements 
were done on the resting membrane resistance before and after the application 
of TEA. For this purpose the rectangular current pulse technique introduced 


_ by Fatt & Katz (1951) was employed. Two intracellular electrodes inserted 


into the same muscle fibre within a distance of 50 were used to pass current 
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Fig. 2. Action potential of a toad muscle fibre: A, in normal and B, in TEA-Ringer (} of the Na in 
the Ringer was replaced by TEA). In A2 and B2, an inward current was passed during and 
after the spike. Calibration, 50 mV. 


Fig. 3. Action potentials of a toad musele fibre in TEA-Ringer, elicited by a brief pulse. Degree 
of replacement of Na with TEA was 0 in A, #5 in B, } in C, } in D, } in E and } in F. Calibra- 
tion, 50 mV. 
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through the membrane and to record the change of resting potential across it. 
The current used was an inward pulse lasting about 200 msec and of about 
0-05 A, which caused the membrane potential to increase by about 40 mV. 

According to Fatt & Katz (1951), the relation between the steady potential 
change (V) recorded at one electrode and the current (J) flowing through 
another electrode, is expressed by the following equation when the two 
electrodes are very close together: 


where r,,is the membrane salniatice times unit length and 1, the internal resis- 
tance per unit length. 4,/r,,7; is the effective resistance between the inside 
and outside of the membrane. The measurement of this quantity was made on 
several fibres of medium diameter in normal Ringer. After replacing three- 
quarters of the external Na by TEA, similar measurements were made on 
several other fibres of a similar diameter. The results were: 


Muscle A 
Normal Ringer 0-92, 1:30, 1-14, 1:20 MQ 
TEA Ringer 0-94, 1-00, 1:20, 0-90MQ — 


Muscle B 
Normal Ringer 1-08, 1-00, 1-07, 1-00 MQ 
TEA Ringer 1-32, 0-93, 1-42, 1-14MQ 


In muscle A the effective resistance showed no significant change, but in B the 
resistance of three of the fibres examined in the TEA-Ringer showed slightly 
larger values than those examined in the normal Ringer. Assuming that the 
internal resistance is not altered by the change of the external medium, the 
observed larger values should be attributed to an increase of membrane 
resistance. However, in B the resistance of the remaining fibre in the THA- 
Ringer showed a smaller value, despite the fact that in this fibre a typical 
lengthening of the action potential was still observed, as in the former group. 
This leads us to suppose that the increase of the resting membrane resistance 
which was occasionally observed in the TEA-Ringer does not play any 
important role in the lengthening of the action potential. 

Next, an estimate was made of the change of membrane resistance during 
the falling phase of the action potential. For this purpose the potential change 
resulting from a current passed through the membrane during and after the 
action potential must be estimated. In the first place a recording was made 
of the action potential caused by a brief outward rectangular current just 
above threshold intensity. Following this another recording was made under 
similar conditions, except that the stimulus current was followed by an inward 
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current of fairly long duration. The estimate depended upon a comparison 
between these two successively obtained records. | 

The results shown in Fig. 2A, B were obtained using this procedure with 
normal and TEA-Ringer ([TEA]:[Na]=3:1) respectively. The time course of 
the extrinsic potential due to the inward current was obtained by subtraction 
of each pair of records. The approximate time course of the. membrane 
resistance during and after the spike was estimated from the relation between 
the extrinsic potential and the intensity of the current. The estimate was based 


mV Normal Ringer mV 
100 100 
Normal Ringer 1/4 TEA Ringer 3/4 
80 + with and without 
polarization 
60 
40 
20 20 
0 0 


Extrinsic potential 
per unit current 


woe” 
- 


Time in 5 msec 


_ Fig. 4. Curves showing the time course of the extrinsic potential in the active membrane due to 


a current of unit intensity in normal and in TEA-Ringer (} of the Na in the Ringer was 
replaced with TEA). Each dotted line indicates the extrinsic potential in the resting mem- 
brane due to current of the same intensity. 


on the assumption that the resistance change is slow compared with the time 
constant of the membrane at each instant. Although this assumption may 
not be completely fulfilled in this case, it can be said that the conductance 
increase was invariably smaller and more prolonged during the slow decline of 
a sy action potential than during the decay of the normal action potential 

ig. 4). 

When a weak outward current pulse was passed at the terminal stage of the 
prolonged falling phase, the extrinsic potential due to a test pulse was very 
similar to that caused by a pulse of the same intensity applied to the resting 
membrane (Fig. 5 A). This shows that at this stage the action potential decayed 
across a resistance roughly equal to that of the resting membrane. This was 
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confirmed by other evidence. When the falling phase of the action potential 
approaches its end, the membrane potential is approximately uniform at each 
instant over the entire fibre-length because of the relatively high conduction 
rate. The longitudinal current then becomes negligible. In other words, the 
action potential should decay with the time constant of the membrane at each 
instant. If the membrane resistance during the falling phase is equal to that 
of the resting membrane, the potential should decay with the time constant of 
the resting membrane. When the action potential obtained in the TEA-Ringer 


Fig. 5. A, action potential in the TEA-Ringer (} of external Na was replaced with TEA). A weak 
outward current pulse was passed during the falling phase of the action potential. Calibration, 
50 mV. B, tension developed by a twitch, recorded with a mechano-electrical transducer 
(RCA 5734). N, in normal Ringer; 7’, in TEA-Ringer ($ of external Na was replaced with 
C, action potential of a toad muscle fibre recorded in hypertonic Ringer. 82 mm-TEA was 
added to the normal Ringer. Calibration, 50 mV. D, electrotonic potential due to an outward 
current pulse followed by a movement artifact. There is no such artifact in the record for an 
inward current. All the external Na was replaced with choline. 


was traced with the amplitude plotted logarithmically, the curve corresponding 
to this terminal stage was a straight line, and the time constant computed 
from its slope ranged between 60 and 80 msec. These values agree with the 
time constant of the resting membrane, which was determined by the rect- 
angular current pulse method. 

In all the experiments described above there were no cases in which the 
membrane resistance during the falling phase became larger than that of the 
resting membrane. In other words, the time constant of the potential decay 
did not usually exceed the resting time constant: This suggests that the time 
constant of the resting membrane sets a limit to the lengthening of the action 
potential by THA. 
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Peak voltage of the action potential | 

Resting and action potentials were recorded from several fibres immersed 
in normal Ringer. The bath was then changed to a modified Ringer in which 
part of the Na was replaced with TEA, and a similar recording was made on 
_several more fibres. The muscle was again brought into normal Ringer, and 
further recordings were made. The modified Ringer caused a small and irregular 
change in the resting potential, but a large decrease in the action potential. 
The decrease of the peak voltage was completely reversible, and a few minutes 
were sufficient for the membrane to reach equilibrium in the test solution. 
Successive experiments of similar type were carried out with solutions con- 
taining 13-7, 27-5, 55, and 110 mm-Na, and accordingly 96-3, 82-5, 55, and 
0 mm-TEA. In A of Fig. 6 the active membrane potential is plotted linearly 
as the ordinate, and the sodium concentration of the external medium is 
plotted as the abscissa logarithmically. The decline in the action potential 
followed the general course indicated by curve A. In curve B choline was used 
as a sodium substitute. In the latter case the active membrane potential is 
related linearly to the logarithm of the external sodium concentration, with 
a slope of about 58 mV per tenfold change of the concentration. Thus the 
observed reduction of the potential appears to be due exclusively to the 
reduction of the external sodium concentration, as also described by Nastuk & 
Hodgkin (1950). If the choline ion is a cation which is completely ‘inert’, the 
deviation of curve A from B should be due to a special effect of TEA. © 

It should be considered here whether the deviation may possibly be attri- 
buted to the insufficient frequency response of the recording system. The time 
constant of the recording system was about 40 psec: this constant diminished 
the peak voltage of the normal and the choline action potentials by less than 
3%. Even though the TEA action potential was not as much reduced as the 
former because of its more rounded peak, the difference between the reduction 
of the peak voltages must be negligible. This fact excludes the possibility that 
the deviation is an artifact derived from imperfections of the recording system. 

We must therefore consider some effect of TEA on the peak voltage of the 
action potential. If it were assumed that TEA was one-quarter as effective as 
Na for the active membrane, the calculated values of the active membrane 
potential would agree with those observed. On this basis the action potential 
recorded in a solution containing a normal amount of sodium plus some TEA, 
should show an overshoot larger than that obtained in normal Ringer. A few 
experiments were. performed in Ringer with TEA added (82-5 mm). In such 
a hypertonic medium the muscle action potential showed no deterioration for 
a long time. Fig. 5C is taken from such an experiment. The active membrane 
potential was, in fact, several mV larger than that obtained in normal Ringer, 
the difference being very similar to that expected from the above assumption. 
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These results indicate that TEA may be able to take the place of sodium in the 


vertebrate striated muscle. But in view of the following fact, the lack of dis- 


crimination between Na and TEA by the active membrane does not appear to 
be complete. When a large proportion of the Na was replaced with choline, the 
initiation of a propagated action potential was not possible. The critical sodium 
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Fig. 6. Relation between the active membrane potential and the external sodium concentration, 
on a logarithmic scale. Substitution of Na with TEA (A), and with choline (B). 


concentration below which the propagated potential disappeared was about 
13 mM in the case of choline replacement. The critical sodium concentration 
was not very different when a similar experiment was done with TEA, whereas 
the theoretical action potential estimated from the above assumption should 
still have shown an overshoot even when all the sodium in the Ringer was 
replaced with TEA: 
Local contraction 

In connexion with the disappearance of the propagated action potential, 
a brief description will be made of the mechanical behaviour of the muscle 
fibre with low external sodium concentrations. Below the critica! concentra- 
tion of Na, the electrical response was not different from the pure electrotonic 
potential. But a local contraction was observed when the stimulating current 
reached a sufficient intensity, though this was restricted to the case when the 
stimulating internal electrode became an anode with reference to the indifferent 
electrode. The recording of the electrotonic potential was occasionally dis- 
turbed by a movement artifact due to the local contraction, as shown in 


Fig. 5D. No visible local contraction was observed with a current of a similar 
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intensity passed longitudinally through the muscle fibre by means of two 
internal microelectrodes. This means that an outward current through the 
fibre membrane is necessary to elicit a local contraction. The same kind of 
contraction was also observed in muscle fibres narcotized by cocaine (Hagiwara 
& Watanabe, unpublished). 


Initiation of repetitive spikes 

The third effect of TEA is the initiation of repetitive spikes by a single brief 
current pulse; such a phenomenon was also observed in the crustacean nerve 
fibre by Burke et al. (1953). A similar pulse did not cause repetitive spikes in 
the fibre immersed in normal Ringer. When in TEA-Ringer the depolarization 
due to the first spike declined and approached the critical level for the threshold 
of the fibre, the second spike flared up, and the third, fourth, and so on, 
occurred in a similar manner. An increased concentration of TEA caused a 
slower decline of the action potential and consequently the interval between 
successive spikes became longer. The tendency for repetitive spikes to be 
caused by a single stimulus appears to decrease as the concentration of TEA 


increases. Such difficulty in the initiation of repetitive spikes was not due to 


the decreased concentration of the external sodium. This is demonstrated by 
the following observations. When the muscle was immersed in a medium of 
low Na concentration, in which Na was partly replaced with choline chloride, 
a prolonged current pulse caused repetitive spikes just as in the normal Ringer. 
When the muscle was placed in a hypertonic Ringer containing the normal 
amount of Na plus some TEA (82-5 mm), a similar prolonged current pulse 
did not elicit repetitive spikes. In the latter case the passage of a constant 
current very often maintained the membrane potential below the critical level 
for some time without setting up any spike. 

At a relatively high concentration of TEA the peak voltage of the second 
spike, if it occurred, was greatly reduced. Such a reduction of the second spike 
became more marked when a weak outward current pulse was applied during 
the falling phase of the first spike as shown in Fig. 7C. A and B of the same 
figure show the effect of a current passed during the declining phase of the 
first spike upon the threshold of the second spike elicited by a test pulse. In 
the upper record of A the test pulse was subthreshold, but if a conditioning 
current was passed inward (lower record), then the test shock became effective. 
In B the test pulse was above threshold, but a conditioning current passed in 
an outward direction made it ineffective. These results show that the amplitude 
and threshold of the spike depend on the preceding depolarization level as well 
as on the duration of a given depolarization. From this evidence the reduction 
of the second spike, and the difficulty of initiating it in the high concentration 
TEA solution, seems not to be a direct effect of TEA, but a result of the 
prolonged decay of action potential. 
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Hodgkin & Huxley (1952) reported that during application of a voltage 
clamp to the giant nerve fibre of the squid, the initial momentary increase of 
the sodium conductance was followed by an inactivation. According to this 
consideration, the prolonged refractoriness in the present case may be explained 
as arising from a greater inactivation of the sodium permeability caused by a 
sustained depolarization during the falling phase of the TEA action potential. 
A similar phenomenon in cardiac muscle reported by Weidmann (1951) seems 
to belong to the same category. 


Fig. 7. A and B, action potentials of the toad sartorus im 1@A-Ringer (} of external Na was 
replaced with TEA), elicited by two successive stimuli. A shows the case where the declining 
phase of the first potential is modified by an inward current pulse. B shows the effect of an 
outward pulse. C, double spikes elicited by a single stimulus in the TEA Ringer (3 of external 
Na was replaced with TEA). A prolongation of the outward current diminished the second 
spike. D, action potentials in TEA Ringer (} of external Na was replaced with TEA). In the 
upper trace the potential is followed by a hump, but in the lower one there is no sign of such 
a hump. Calibration, 50 mV. 


When the action potential declined to the level of the critical depolarization 

it sometimes ceased to fall further and the membrane potential was left in a 

quasi-stable state, neither falling nor rising for a long time. Fig. 7D shows a 

pair of records obtained successively from the same fibre, The hump is seen 

only in the upper trace but not in the lower one. This indicates that the 

occurrence of the hump is greatly influenced by some accidental factors. The 
34-2 
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humped potential is reminiscent of the action potential of cardiac muscle fibres 
(Draper & Weidmann, 1951; Weidmann, 1951). The main difference was that 
in cardiac muscle the membrane potential at the hump was not far below zero, 
whereas in Fig. 7 it was substantially negative. 

Some remarks will be made on the combined effect of TEA and veratrine. 
When a small amount of veratrine was added to the Ringer (0-5 mg/100 ml.) 
the fibre responded to a brief stimulating pulse with a series of spikes, and the 
discharge generally continued for about a second (Fig. 8A). When the same 
amount of veratrine was added to the TEA-Ringer ({Na]:(TEA]=1:3), the 


Fig. 8. Action potentials of toad muscle. A, 0-5 mg % of veratrine was added to the normal 
Ringer. B and C, same amount of veratrine was placed in the TEA-Ringer (} of external Na 
was replaced with TEA). C shows a spike initiated by an outward current pulse. Calibration 
50 mV. 


same brief pulse caused a single spike, and this was followed by a large and 
steady depolarization from which no further spikes started (Fig. 8B). Even 
the passage of an outward current during this steady depolarization did not 
cause any spike. But a momentary decrease of the steady depolarization by 
an inward current induced a spike if the decrease was large enough, as shown 
in Fig. 8C. This may also be explained by a momentary reduction of the 
inactivation process by a repolarization. 

From the foregoing results it is concluded that the initiation of repetitive 
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spikes as well as the prolonged refractoriness is caused by the prolonged action 
potential. These effects are therefore not specific to TEA but would be caused 
by any factor tending to prolong the action potential. 


DISCUSSION 
The predominant effects of TEA on the action potential of the vertebrate 
striated muscle fibre are the prolongation of the declining phase and the change 
of the peak voltage. These two effects will be discussed separately. 

Lorente de N6 (1949) reported that a replacement of Na in Ringer with TEA 
caused a lengthening of the action potential of certain medullated nerve fibres. 
A similar prolongation of the action potential was observed in crustacean 
muscle by Fatt & Katz (1953). And recently Burke et al. (1953) obtained a 
lengthening of the action potential in crustacean nerve as well. These authors 
suggested that the effect might be related to a modified resistance change of 
the membrane. In the present case a smaller increase of the membrane con- 
ductance was, in fact, observed during the falling phase of the prolonged 
action potential. According to Hodgkin & Huxley (1952) two separate perme- 
ability changes occur during the spike. The rising phase is associated with an 
increase of sodium permeability, while the falling phase is accompanied by an 
increased potassium permeability which leads to the rapid return of the 
membrane potential to its original level. From the standpoint of the above 
dual pattern of the conductance change, the lengthening of an action potential 
may be due to a prolongation of the increase in sodium permeability, or to a 
depression and delay of the permeability increase to potassium. If the sodium 
hypothesis holds for vertebrate muscle, the prolongation of the action potential 
by TEA may be due to the smaller and delayed permeability increase to 
potassium in the active membrane. | 


__ The change in the peak voltage of the action potential is related to the sodium 
conductance change and cannot be explained from the smaller change of 


potassium conductance. Lorente de Né (1949) reported that vertebrate B 
and C nerve fibres were excitable in pure THA-Ringer. According to Fatt & 
Katz (1953), the action potential of crustacean muscle was maintained and 
even increased by TEA. On the other hand, no obvious ‘sodium action’ was 
found in frog A fibres (Lorente de N6, 1949) or in the axons of Carcinus (Burke 
et al. 1953). Some of our results suggest that in the active membrane of the 
vertebrate muscle fibre TEA plays a similar role to that of Na. But the action 
potential was abolished in the pure TEA-Ringer. Therefore the vertebrate 
musele fibre may form an intermediate case between the above two 
extremes. 
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SUMMARY 


1. Experiments were done with internal microelectrodes on the action 
potential of the toad sartorius muscle immersed in normal as well as in tetra- 
ethylammonium (TEA) Ringer: one electrode was employed to pass current 
and the other to record changes of membrane potential. 

2. In normal Ringer an action potential of about 130 mV was initiated 
when the resting potential (about 90 mV) was decreased below a critical value 
which ranged between 40 and 50 mV. 

3. In TEA-Ringer the falling phase of the action potential is greatly 
lengthened. The lengthening was proportional to the TEA concentration. 
A prolonged twitch always accompanied the prolonged action potential. 

4, By passing an inward current through the active membrane, it was found 
that the prolonged decay was accompanied by a membrane resistance change 
smaller than that observed during the decay of the normal action potential. 

5. As external Na was gradually replaced by TEA the peak voltage of the 
action potential decreased while the resting potential remained unchanged. 
But the decrease in peak voltage was not as large as was expected exclusively 
from the reduction of the external sodium concentration. | 

6. Though no action potential was recorded in the Na-free solution, a local 
contraction was always observed around the stimulating electrode when it was 
sufficiently positive with respect to the indifferent electrode. 

7. A single brief stimulus initiated repetitive spikes and the interval 
between spikes generally lengthened as the TEA concentration was increased. 

8. Ata relatively high concentration of TEA, the amplitude of the second 
spike, if it occurred, was usually reduced, and in some special cases the second 
spike remained as a type of local potential. 


The authors wish to acknowledge the kind advice and criticism offered by Prof. Y. Katsuki and 
Dr I. Tasaki and to thank Dr R. Lorente de Né for his generous supply of valuable drugs. We 
would like to thank Dr M. J. Cohen and Mr H. Uchiyana for kindly correcting the English of this 
paper. 


REFERENCES 
Burke, W., Karz, B, & Macunz, X. (1953). The effeet of quaternary ammonium ions on crustacean 
nerve fibres. J. Physiol. 122, 588-598. 


Drarer, M. H. & WerpMany, 8. (1951). Cardiac resting and action potentials recorded with an 
intracellular electrode. J. Physiol. 115, 74-94. 


Fart, P. & Katz, B, (1951). An analysis of the end-plate potential recorded with an intracellular 
electrode. J. Physiol. 115, 320-370. 


te B. (1953). The electrical properties of crustacean muscle fibres. J. Physiol. 


Hacrwara, 8. & Waranase, A, (1954). Action tial of insect muscle examined with an intra- 
cellular electrode, Jap. J. Physiol. 4, 65-78. 


Hopoxin, A. L. & Huxury, A. F, (1952). A quantitative description of membrane current and 
its application to conduction and excitation in nerve, J. Physiol. 117, 500-544. 


{ 
it 
4 
i 
A 
i 
3 
i 
it 
i 
FAS 


TETRAETHYLAMMONIUM ION ON MUSCLE 527 


Hoven, A. L, & Katz, B. (1949), The effect of sodium ions on the electrical activity of the giant 
axon of squid. J. Physiol. 108, 37-77. 
LorenteE DE N6, R. (1949). On the effect vs certain quaternary ammonium ions upon nerve. 
J. cell. comp. Physiol. 33, suppl., pp. 1-231. fi 
Nastuk, W. L. & Hopaxm, A. L. (1950). The electrical activity of single muscle fibres. J. cell. 
comp. Physiol. 35, 39-74. 
Weipmany, 8, (1951). Effect of current flow on the membrane potential of cardiac muscle. — 
J. Physiol. 115, 227-236. 


bi 
l 
> 
ts 
ag 
=) 
+ 
é 
A 
4 
- 
4 


J. Physiol. (1955) 129, 528-546 


A NEW METHOD FOR THE PREPARATION OF UROGASTRONE 


By R. A. GREGORY 
From the Physiological Laboratory, Department of 
Physiology and Histology, The University of Liverpool 


(Received 2 February 1955) 


Human and some animal urines are known to contain an inhibitor of gastric 
secretion (Friedman, 1951), which was named ‘urogastrone’ by Gray, Culmer, 
Wieczorowski & Adkison (1940) by reason of its similarity to and possible 
derivation from the duodenal hormone enterogastrone (Gray & Ivy, 1937). 
The properties of the substance and its extraction from urine have been 
extensively studied by Gray and his associates (Gray, Wieczorowski, Wells & 
Harris, 1942). 

The method described by Gray et al. (1942) for the extraction of urogastrone 
from normal human male urine provides a potent, pyrogen-free, and relatively 
pure material, However, no significant further progress has since been made 
towards the isolation and characterization of the active principle; and the 
origin of urogastrone has likewise remained obscure. Gray et al. (1942) con- 
sidered that it might prove to be ‘some kind of organic base of considerably 
less complexity than peptone’; on the other hand, Wick, Medz & Pecka (1949) 
and Huff, Risley & Barnes (1950), studying the properties of active but crude 
urinary extracts, suggested that urogastrone might belong to the class of 
glycoproteins. 

There is no good evidence that urogastrone is related to enterogastrone; the 
results of experiments to determine the effect of enterectomy on urogastrone 
excretion in dogs are inconclusive (Culmer, Gray, Adkison & Ivy, 1940; Gray, 
Culmer, Wells & Wieczorowski, 1941). However, these and numerous other 
attempts to study the excretion of urogastrone activity in various circum- 
stances (Friedman, 1951) are of doubtful value since it has never been shown 
that any method so far employed for the extraction of urogastrone activity 
from urine is trustworthy. Recently, however, Kaulbersz, Patterson & 
Sandweiss (1954) have repeated their earlier claims that gastric secretory 
inhibitory activity of urogastrone type is absent from canine urine after hypo- 
physectomy; and in view of the differentiation of urogastrone from Pituitrin 
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by Gray, Harris & Wieczorowksi (1941), the possibility would appear to exist 
that urogastrone production in the body is in some way related to the presence 
of the anterior lobe of the pituitary gland. 

From these considerations it is obvious that the problem of the nature, 
origin and physiological significance of urogastrone is worthy of further in- 
vestigation. The work to be described represents an attempt to evolve an 
improved method for the large-scale preparation of this substance from 
normal male human urine with a view to its eventual isolation and charac- 
terization, and with the object also of providing adequate supplies of a product 
sufficiently pure to permit of trials of its possible therapeutic value in cases of 


human peptic ulcer. 


The assay of gastric secretory inhibition 

There are two difficulties in the assay of urogastrone preparations. First, 
the inhibitory effect is long-lasting, so that comparisons cannot readily be 
made in any one session. Secondly, the inhibition produced by a given dose 
of inhibitor varies inversely with the rate of gastric secretion expressed in 
terms of the maximal secretory rate (Fig. 4) which varies in different animals 
and can only be determined by previous experiment. These considerations 
virtually preclude the use of ‘acute’ preparations for routine assay purposes, 
since large numbers of tests are required to obtain results of any comparative 
value (Howat & Schofield, 1954). However, Code, Blackburn, Livermore & 
Ratke (1949) showed that if conscious dogs with gastric pouches are used and 
inhibitors tested against a steady secretion of juice obtained by repeated 
injections of histamine, consistent daily responses may be obtained by ad- 
justing the secretion rate to be some fraction (e.g. 50%) of the maximal rate 
(determined by preliminary trial). Experience in this laboratory has shown 
that the daily response of dogs to the same dose of histamine, and the inhibi- 
tion produced by a given dose of extract, is sufficiently consistent from day to 
day to permit comparison of the results of tests made on different occasions 
in a given animal; and the following procedure, based on that of Code et al. 
(1949) was used routinely during the work reported here. 


Method of assay 

Dogs were provided at a preliminary operation with large-bore (2-5 cm.) silver 
cannulae installed in the mid-region of the anterior surface of the body of the — 
stomach and brought out through a midline incision. The animals were fed 
a normal diet once daily in the afternoon. They were brought to the laboratory 
et 10 a.m. after exercise, and the stomach was washed out with warm tap 
water until the washings were perfectly clean. The cannula was then closed 
and the animal kept in the laboratory, with access to water, until 2 p.m. when 
the test was begun. | 
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The dog was placed in a stand, the cannula opened and a suitable receiver 
attached. Histamine was then injected subcutaneously at a constant rate from 
a motor-driven syringe, which delivered approximately 0-5 ml. of histamine 
acid phosphate (5 mg/ml. in 0-9% NaCl) in 2-3 hr. The rate of injection and 
strength of solution was adjusted in preliminary trials so as to give a secretory 
response approximately 50% of the maximal rate. After running in this way 
for 1-1} hr, the rate of secretion was steady; collection of juice every 10 min 
was then instituted for the period of the test. The extract was injected as a 
single intravenous dose and the degree and duration of inhibition noted. When 
the above routine was maintained, it was found that the day-to-day secretory 
rate of a given dog over a long period of time was substantially constant, and 
responses to the same dose of inhibitor on different occasions were closely 
comparable. 

The chief use of this assay method in the present work was to determine the 
disposition of activity in the various products of trial fractionation procedures; 
and the labour involved in this was greatly lessened by comparing, not the 
inhibition produced by the same weight of the starting material and each of 
the products, but the inhibition produced by an amount of material corres- 
ponding in each case to the same volume of urine (e.g. 1-2 1.); since the 
volume of urine processed daily was known, the ‘litre equivalent’ of any 
extract could be calculated. Furthermore, it was decided at the outset to 
discard any fractionation procedure where the segregation of activity was 
obviously incomplete, i.e. where all the products showed activity. In a trial 
fractionation therefore the assay procedure was thus resolved into a search 
for the fraction (if any) which contained virtually all the original activity, as 
judged by the effects produced in the same dog by the injection of (a) starting 
material, and (b) the various fractions obtained, in amounts corresponding to 
the same volume of urine. Usually one test of each fraction on the same or 
successive days sufficed to provide the required information. The amount of 
an extract routinely injected was that equivalent to 1 |. of urine, since it was 
found early in the work that this amount of a crude but active preparation 
made by the method of Gray et al. (1942) caused a suitable inhibition of gastric 
secretion in the conditions of the test described above. 


Preparation of wrogastrone by Gray’s method 

The investigation was begun by preparing from several thousand litres of 
normal male urine the ‘further purified’ material described by Gray et al. 
(1942). Once familiarity with the procedures involved had been acquired a 
product of similar properties to that originally described was consistently 
obtained. The yield per litre of urine was 1-2 mg and this amount produced 


good inhibition of gastric secretion in the conditions of assay already 
described. 
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remove the activity from untreated urine and that it could be eluted, together 
. with protein and pigment, by acid 80% acetone. On neutralizing the eluate 
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_ This material was used in attempts to find satisfactory methods of further 
purification, which culminated in the new method to be described later. It 
became evident from this initial experience that Gray’s method was unsuitable 
for routine use on a large scale, the first sera in particular being laborious and 
expensive, 


Collection of actuvity from urine 


A search was first made for some adsorbent usable in the how of a column 
on which the activity could be collected directly from preserved but otherwise 
untreated urine, and subsequently eluted for further treatment, the object 
being to replace the tedious and expensive first stage of Gray’s method, 
namely adsorption on benzoic acid precipitated in the urine. Several varieties 
of resin were tried and proved unsuitable, although one of them (Amberlite 
IRC-50) was found to take up the activity in certain circumstances and this 
finding was turned to advantage later. 

Eventually it was discovered that a certain type of granular charcoal would 


to pH 5-5-5 a heavy tan-coloured protein precipitate fell which closely 
resembled in yield and properties that obtained in the first stage of the method 
of Gray et al. (1942). It was found that the wet precipitate was almost com- 
pletely soluble in strongly acid methanol and that ether precipitated a 
relatively small amount of solid from this solution, containing apparently all 
of the activity originally present. The product, a tan-coloured powder freely 
soluble in water, was stored and used for the preparation of Gray’s, ‘further 
purified’ material. 


Studies on further purification of urogastrone 

The product obtained by the method outlined above was examined in pre- 
liminary experiments using the techniques of strip paper electrophoresis, 
continuous paper electrophoresis (Durrum, 1951) and electrophoresis in agar 
jelly (Consden, Gordon & Martin, 1946). These studies showed the presence of 
a protein material insoluble in the region of pH 5 (which carried down most of 
the activity when deposited), together with several pigment components 
apparently associated with protein of some kind. When fractions separated by 
these methods were examined for activity, the significant observation was 
made that urogastrone activity was constantly associated with one of the 
pigmented components. The amount of the active material obtainable in this 
way was too small to be of any practical value, and complete segregation could 
not be achieved on account of adsorption on the paper or jelly; but the clear 
indication thus obtained that the activity was associated with a pigment 
initiated attempts to separate the pigmented components of the mixture by 
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(a) liquid-liquid partition methods, and (b) adsorption and elution on columns 
such as synthetic resins, alumina, metallic hydroxides and phosphates. The 
results of the numerous experiments involved in this stage of the work can be 
summarized as follows: | 

(1) Urogastrone activity, together with pigment and a little protein, was 
extracted apparently completely by ethanol from an aqueous selution at 
pH 8-5-9-0 saturated with ammonium sulphate, leaving a large amount of 
precipitated protein in the aqueous phase. The ethanol extract could be 
recovered in aqueous solution by adding ether. This procedure was directly 
applicable to the relatively crude product from the acid methanol/ether 
precipitation described above, and eliminated most of the inert protein present 
in that material. | 

(2) The activity, together with a small amount of pigment and protein, was 
strongly held by the carboxyl-type resin Amberlite IRC-50 at pH 4 (most of 
the pigment not being retained) and could be eluted with ammonia at pH 8-10 
after washing free of salt. 

(3) Most of the remaining protein in the product from the ethanol extraction 
(step 1 above) together with some pigment, could be removed without loss of 
activity by passing the solution (at pH 5-5-5) through a column of calcium 
phosphate gel. In the presence of salt the activity was not retained. In the 
absence of salts, however, a similar calcium phosphate gel was found to retain 
an active pigmented fraction (allowing an inactive pigmented fraction to pass) 
and of the retained material a pigmented fraction containing almost all of the 
original activity could be eluted with dilute phosphate solution. 

These findings were combined with those described earlier to constitute a 
new method for the preparation of urogastrone, now to be described in detail. 


METHOD | 
Normal male human urine is collected daily in clean glass or tinned metal 
receptacles containing as presérvative an amount of chloroform sufficient to 
give a final concentration of about 0:25%. In view of the possibility of 
bacterial growth with formation of pyrogen and loss of urogastrone activity, 


the first stage of the extraction process should be carried out each night and 
unused urine never kept longer than 24hr. 


Stage I 
Charcoal granules (Type 207 B, 18-44 mesh; Sutcliffe and Speakman, Leigh, 
Lancs.) are washed free of dust with tap water and used to fill a glass column 
5 cm. in diameter and 45 cm. long, glass-wool being packed loosely at top and 
bottom. The urine (50 L) is arranged to run through the column overnight, 
from below upwards, the effluent draining into a sink; the column does not 
then run dry when all the urine has passed through. 
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Next morning, the column is washed (from below upwards) with 2 1. of 10% 
acetic acid, followed by 2 1. of tap water, and the adsorbed material eluted by 
passing (from above downwards) at a moderate drip rate a mixture of 1600 ml. 
acetone, 300 ml. water and 100 ml. concentrated HCl. Collection of the 
effluent is begun as soon as pigment appears in it, the column finally being 
allowed to run dry. The deeply pigmented acid eluate (pH about 2-0) is 
adjusted to pH 5-5-5 by addition of 2n-NaOH with constant stirring and left 
in the refrigerator overnight. 

The next morning the voluminous brown precipitate is collected by filtra- 
tion on a large Buchner funnel using a coarse paper (Green 504) and gentle 
suction. It is washed with methanol (1 1.) and then sucked as dry as possible. 
It is important to wash away as completely as possible the original supernatant 
fluid, which contains water. If this is not achieved, the subsequent precipita- 
tion with ether gives a dark sticky product which is difficult to handle. 

The semi-solid precipitate is now suspended in 500 ml. methanol and 20- 
25 ml. concentrated HCl added with constant stirring to give a final pH of 
0-8-1-2. Most of the precipitate dissolves; the insoluble residue is filtered off 
or centrifuged down and the volume of clear deeply pigmented filtrate or super- 
natant measured. Acetone (0-5 vol.) is now added slowly with constant 
stirring, followed by 2 vol. of ether, when a tan-coloured voluminous precipi- 
tate falls. 

After standing for 1 hr with occasional stirring, the precipitate is collected 
on a Buchner funnel with gentle suction, using a small (5-7 em) Whatman | 
no. 54 paper. The supernatant fluid if clear may be removed by suction 
beforehand. 

The precipitate is washed on the paper with ether (taking care to obliterate 
any cracks with a glass rod) and then dried by sucking air through it for a 
few minutes. Precipitate and paper are then transferred to a desiccator and 
drying completed im vacuo over sulphuric acid, a dish containing a few pellets 
of caustic soda being included to absorb any acid vapour given off. If the 
precipitate becomes dark and sticky (due to the presence of water) it is best 
dissolved in water and dried in vacuo over sulphuric acid. It may then be re- 
dissolved in acid methanol and precipitated with ether as before. 

The precipitate is collected daily in this manner and pooled at intervals, 
being finely powdered in a pestle and mortar, weighed and stored in air-tight 
bottles in the dark. The ‘litre equivalent’ of each batch, i.e. mg/l. of urine, is 
recorded. The usual yield is 35-45 mg/l. If more charcoal than that indicated 
is used relative to the volume of urine being processed, or if the pH in the acid 
methanol/ether precipitation is higher than that stated, the amount of precipi- 
tate obtained per litre of urine may be larger (50-100 mg). This makes no 
difference to the final result, however, the additional inert material being 
removed in the next stage of the method. The final yield of activity is no 
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greater, suggesting that the collection of activity from urine as described up 
to this stage is complete. 

The powder retains its activity for many months when collected and stored 
as described, and is purified further as required in amounts equivalent to 
50-200 1. of urine. 

Stage II 


An amount of the product from stage I equivalent to 1001. of urine is 
dissolved in n/10-H,SO, to give a 4-5 % solution. The stage I precipitate tends 
to become incompletely soluble in water 6n prolonged storage; the use of 
dilute acid ensures complete solution. The pH is then adjusted to 8-5-9-0 by 
the dropwise addition of NH,OH (0-880 sp.gr.). A heavy tan-coloured precipi- 
tate forms. The suspension is inliiad for 5-10 min and then 160 g of ammonium 
sulphate added. Stirring is continued for 15-20 min, by which time saturation 
is complete. Then a volume of ethanol, equal to half that of the acid used to 
dissolve the precipitate, is run into the vigorously stirred solution at a moderate 
drip-rate. The mixture is briefly centrifuged, and the perfectly clear deeply 
pigmented ethanol layer removed. (A 50 or 100 ml. glass syringe fitted with 
a length of fine rubber or plastic tubing is very convenient for this purpose.) 
Four volumes of ether is added, the mixture shaken for a few minutes and 
then allowed to separate. The aqueous layer is transferred to a beaker and the 
pH adjusted to 5-5-5 with 1n-H,SO,. Most of the ether present is removed by 
swilling the solution round in an evacuated flask without warming, and the 
solution is then ready for passing through a column of calcium er gel 
to remove inert protein and pigment. 


Filtration through calcium phosphate gel. 

A suspension of calcium phosphate gel is made according to the directions 
of Swingle & Tiselius (1951). This involves titrating a CaO-sucrose solution to 
pH 9:5 with syrupy orthophosphoric acid at 5°C, followed by repeated 
washing of the precipitated gel with distilled water. Alizarin Yellow GG and 
thymol-phthalein may be used to arrive at the end-point of the titration; it is 
important not to allow the pH to fall below 9-5 since the character of the gel 
changes and it is then unsuitable for the present purpose. The final suspension 
of salt-free gel in distilled water is made up to the original volume of CaO- 
sucrose solution used, and the suspension kept in a stoppered bottle in the 
refrigerator. 

Ten ml, of this suspension is slowly added with stirring to the urogastrone 
solution, followed by 2 g kieselguhr (Hyflo-Supercel : Johns Manville and Co., 
London). After mixing at intervals for 5-10 min, the suspension is poured 
into a sintered glass filter funnel of high porosity and the perfectly clear 
deeply pigmented filtrate collected, with the aid of gentle suction. The bed of gel 
and kieselguhr is washed with a little water until the effluent is free of pigment. 
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Fractionation on Amberlite IRC-50 


Finely ground Amberlite IRC-50 (grade XE-64: Rohm ond Haas, Phila- 
delphia) is soaked overnight in water and treated several times in turn with 
warm 5N-HCl and warm 2n-NaOH on a sintered glass filter funnel, finally 
being left in the acid form and washed with distilled water until the washings 
are neutral. An evenly packed column approx. 2:5 x 7-5 cm. is now formed in 
a tube from which it can later be extruded en bloc. The top of the column is 
protected with a circle of filter-paper. The urogastrone solution, adjusted to 
pH 4 by the addition of dilute H,SO, or HCl, is now run through at a slow 
drip; the volume of solution is usually about 100 ml. and should take several 
hours to go through. It is followed by 500 ml. distilled water at a rather faster 
rate, and the last portion of the washings tested for SO?- to confirm that all 
salt has been removed. This step of the method may be carried out overnight 
if desired. | 

The column is drained of fluid and extruded from the tube. The column is 
cut below the deeply pigmented zone at the top and the upper portion sus- 
pended in 5-10 ml. water. NH,OH (sp.gr. 0-880 diluted 50-50 with water) is 
_ added dropwise with stirring until the pH is steady at 10-0. This takes about 
10-15 min, and the suspension should be cooled frequently in ice-water during 
the process. The resin is now filtered off on a small sintered glass funnel and 
_ washed with a few ml. of water to remove all pigment. The filtrate is then 
dried in vacuo over sulphuric acid. This removes the ammonia, and a residue 
of shining brown scales remains, dissolving in water to give a neutral solution. 


Stage III 

Fractionation on calcium phosphate gel in absence of salts 

To 10 ml. of the salt-free calcium phosphate gel suspension previously 
mentioned is added 10 ml. water and 2 g kieselguhr. The mixture is used to 
form a column 2 cm long in a chromatography tube of suitable size (1-5 cm 
diameter). The suspension is poured into the tube, mixed well therein and 
after a short time gentle suction is applied to the outlet. The column forms 
from below upwards and when it has reached the required size suction is 
stopped and the excess fluid above the column removed. A circle of filter- 
paper is then applied to the top of the column by means of a perforated stain- 
less steel or Perspex plate machined to fit the tube closely and provided with 
a central stainless steel rod. Gentle compression is applied with this instrument 
to complete the packing of the column. The packing should be such that with 
a pressure of 10-15 cm water in the tube above the column, filtration occurs 
at the rate of about 1 drop in 20-30 sec. The salt-free urogastrone solution is 
‘in through the column at a very slow drip-rate. A pigmented fraction is 
strongly held at the top while an almost inactive pigmented fraction (brightly 
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fluorescent in ultraviolet light) is washed through. Distilled water (50-100 ml.) 
is passed until all this pigment has been removed. 

m/100-NaH,PO, (0-18%) is then passed at a very slow rate (approx. 
5 ml./hr). A relatively faint and diffuse pigment band detaches itself from 
that held at the top of the column and travels down, spreading somewhat and 
becoming fainter en route. This fraction is collected. It has a long ‘tail’, but 
if a very slow rate of flow is used, so that elution takes several hours (over- 
night), collection is complete in about 20-30 ml. of effluent fiuid. 

The eluate thus obtained has a pH of about 6-7. It is adjusted with a drop 
or two of dilute HCl to pH 5-6 and then dried im vacuo over sulphuric acid. 

Salt-free material may be obtained by re-dissolving the above residue, 
adjusting the pH to 4-0 and passing it through a small column (1 cm dia- 
meter x 2 cm height) of IRC-50 resin. After washing with 1% acetic acid and 
distilled water, the salt-free material is eluted at pH 10 with ammonia. the 
solution is then dried in vacuo in a tared dish, and weighed. 

The yield of salt-free material thus obtained is 10-15 mg/100 1. of urine. The 
properties of the product are discussed below. 


RESULTS 


In the following description of results and the ensuing discussion, the product 
obtained by the method just described will be designated Ug. 

General properties. Owing to the limited amounts of Ug available, informa- 
tion regarding its chemical nature is as yet incomplete. Concentrated aqueous 
solutions have a golden-yellow colour and show a pale greenish yellow fluore- 
scence. There is no characteristic absorption spectrum other than a ‘plateau’ 
in the ultraviolet region (250-270 my) (Fig. 1). The activity is preserved for 
days at 0-5° C in sterile neutral or faintly acid solution. There is no appreciable 
loss of activity in 24 hr at room temperature in a solution of pH 7-7-5, but 
above this pH destruction occurs at an appreciable rate particularly if the 
temperature is raised. However, a pH of 10 is withstood for 30-60 min without 
apparent loss of activity at room temperature. 

When a solution of Ug in 6n-HCl is hydrolysed for 20 hr at 100-110°C 
a number of ninhydrin-positive substances can be identified by paper chroma- 
tography; but in view of evidence (see later) that the material is not homo- 
geneous no attempt has been made to identify the substances present. 

- When a solution of Ug in dilute phosphate buffer is subjected to electro-— 
phoresia by the paper strip method or (in large amounts) by the starch block 
method of Kunkel & Slater (1952) the pigment, together with the activity, 
moves towards the anode at pH 7 or above and towards the cathode at pH 5 
or below. Unfortunately considerable spread or ‘tailing’ of the pigment occurs, 
due apparently to adsorption, and it has so far proved impossible to ascertain 
with certainty whether n more than one pigment is present. 
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Ug is at least partly dialysable through collodion sacs prepared according to 
the directions of Dent & Schilling (1949). The sacs were kept as thin as possible 
in order to minimize loss by adsorption on the wall of the sac (which becomes 
stained with pigment) and were tested carefully for leaks before and after 
dialysis. Five ml. of solution containing Ug equivalent to 50 1. of urine was 
usually dialysed overnight in the refrigerator against water without agitation. 


E}% 270 mu =8°67 


230 240 250 260 270 280 290 300 310 3320 
Wavelength (my) 


Fig. 1. Ultraviolet absorption spectrum of a Ug solution. 


Next morning the outer solution was faintly pigmented and fluorescent and 
contained activity in a concentration about one-fifth of that finally present 
inside the sac. This result suggests that the active principle has a mol. wt. of 
less then about 13,000. | 
Gastric secretory inhibition. Ug in a single intravenous dose equivalent to 
| |. of urine (0:10-0:15 mg) promptly inhibits gastric secretion in dogs secreting 


in response to histamine. Thus in a gastric fistula dog secreting at a half- 


maximal rate of 330 mg free HCl/hr, 70% inhibition occurred during the hour 
aver anjection with a ‘peak’ effect of almost complete suppression at 30 min 
(Fig. 2). Ug appears to have no specific inhibitory effect on the secretion of 
gastric HCl as distinct from water; the depression of acidity is no greater than 
PHYSIO. CXXIX 
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may be expected from the effect on the volume-rate of secretion (Gray & 
Bucher, 1941). 

Ug is similarly effective in inhibiting gastric secretion when given intra- 
muscularly or subcutaneously to dogs in larger doses (equivalent to 5-10 |. of 
urine); thé inhibition appears more slowly and is etic sustained than after 
intravenous injection (Fig. 3). a“ 

The inhibition of gastric secretion produced by Ug in the conscious dog 
varies inversely with the rate of gastric secretion. This is clearly shown by the 
experiments illustrated by Fig. 4. When the secretory rate was maximal, a 
single intravenous dose of Ug equivalent to 11. of urine had no significant 
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Time (hr) 
Fig. 2. The effect of an intravenous injection of Ug (equivalent to 1] 1. of urine) on the volume-rate 
and free acidity of gastric juice (%) in a conscious gastric fistula dog secreting at an approxi- 


* mately half-maximal rate in response to continuous subcutaneous infusion of muneanine. The 
gastric juice was collected every 10 min and the volume (ml.) measured. 


effect; a dose equivalent to 51. caused slight but definite inhibition. When in 
the same dog the secretory rate was set the next day at 60% of maximal, a 
dose of the same sample of Ug equivalent to 1 1. of urine produced very marked 
inhibition of secretion. 
Ug has been found to be suitable for intravenous administration to human 
subjects, after sterilization by passing through a Seitz filter. A dose equivalent 
to 8-10 |. of urine (1 mg) intravenously inhibits the response to a subcutaneous 


injection of histamine in a test of the ‘double response’ type (Rivers & Vanzant, 


1937) (Fig. 5). The duration of the inhibition and the potency of Ug in humans 


relative to the dog is not yet known. 
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- period of 4 hr (Fig. 7). | 
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_ Gastric motor inhibition. In gastric fistula dogs from which gastric motility 
was recorded by the balloon-bromoform manometer method, single intra- 
venous injections of Ug equivalent to 1-5 1. of urine had no effect (Fig. 6). 
Pyrogen content. Ug is apparently free of pyrogen; in rabbits accustomed 
to the procedure the intravenous injection of 2 mg Ug (equivalent to 15-20 1. 
of urine) had no significant effect on rectal temperature during a subsequent 
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Time (hr) 

Fig. 3. The effect of A, subcutaneous and B, intramuscular injections of Ug (equivalent of 10 1. 

of urine) in a gastric fistula dog secreting at an approximately half-maximal rate in response 

to continuous subcutaneous infusion of histamine. The volume was measured every 10 min. 


Salivary, pancreatic and biliary secretion. In cats anaesthetized with 
chloralose in which a constant rate of salivary secretion was stimulated by the 
intravenous injection of pilocarpine at a constant rate, a very large dose of 
Ug intravenously (equivalent to 101. of urine) caused a slight and transient — 
increase in the rate of flow. In similar experiments in which the rate of 
spontaneous hepatic bile flow and the flow of pancreatic secretion in response 
to secretin were measured, no effect on bile flow was observed and only a slight 
and transient decrease in pancreatic secretion in response to the same dose 
of Ug. In view of the relatively large dose of Ug employed it seems unlikely 


that these effects are of any physiological significance. A comparable single 
35-2 
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Fig. 4. The effect on volume-rate of gastric secretion in a conscious gastric fistula dog of injecting 
intravenously: A, Ug equivalent to 1 1. of urine at a maximal secretory rate; B, Ug equivalent 
to 51. of urine at a maximal secretory rate; and C, Ug equivalent to 1 1. of urine at a secretory 
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rate 60% of maximal. The volume was measured every 10 min. 
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Fig. 5. Inhibition of gastric secretion in response to histamine in a normal human subject produced 


by the intravenous injection of Ug equivalent to 8-10 1. of urine. At H, 0-5 mg histamine acid 
phosphate subcutaneously. Gastric juice aspirated by continuous suction. 
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intravenous dose in the human subject calculated on the basis of body weight 
would be an amount equivalent to more than 200 1. of urine. ; 
Circulatory effects. When an amount of Ug equivalent to 8-101. of urine is 
injected intravenously in the human subject the only effect observed is a slight 
transient feeling of warmth in the skin of the face lasting for 10-20 sec and 
occurring at about this time after injection. There are no detectable effects on 
heart rate or respiration. In cats anaesthetized with chloralose, the same dose 
of Ug intravenously is followed by a prompt but moderate decline in blood 
pressure which lasts a few minutes and is not associated with any significant 
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Fig. 7. Effect on rectal temperature of a conscious rabbit of the intravenous injection of 
sterile Ug solution equivalent to 15-20 1. of urine. 


change in heart rate or respiration (Fig. 8). It would seem, therefore, that the 
preparation has a slight vasodilator activity. This is probably not due to the 
presence of histamine, since when Ug was tested on the atropinized guinea-pig 
ileum it gave only a very small and slow contraction in a bath concentration 
of 10-°, whereas the gut responded well to histamine in a bath concentration 
of 4x 10-. 

However, the presence of this vasodilator substance would appear to be of 
little or no significance in relation to the gastric secretory inhibitory activity 
of urogastrone, since it is only apparent when very large doses are administered. 
The amount used in the cat experiments mentioned corresponds on a weight 
basis to a dose in the human derived from about 2001. of urine. 


DISCUSSION 


The most potent urogastrone preparation hitherto obtained is apparently that 
mentioned by Gray et al. (1942) as derived from their ‘further purified’ 
material by a precipitation with aniline from aqueous acetone solution. This 
step involved some loss of activity but resulted in a preparation containing 
1 ‘dose’ per 0-2 mg. They used a form of assay based on the ‘two-dose’ hista- 
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mine technique (Rivers & Vanzant, 1937) and a ‘dose’ of urogastrone was 
defined as that quantity which reduced by 50% the second response as com- 
pared with the first in dogs with vagotomized pouches of the entire stomach, 
secreting acid at the rate of 30-40 ml. of n/10-HCl/hr, i.e. approx. 110- 
150 mg HCl. It is difficult to compare these figures with those obtained by the 
assay method used in this work, but the rate of acid secretion in the present 
form of assay was higher, and Ug regularly produced a degree of inhibition 
greater than 50% in a smaller dosage than 0-20 mg. 

Gray’s preparation had only a slight effect on gastric motility and was free 
of pyrogen; but it inhibited biliary and pancreatic secretion on injection in 
anaesthetized dogs (Gray et al. 1942). Ug has little or no effect on these 
secretions. It is noteworthy, however, that earlier preparations in this work 
having a potency about one-tenth that of Ug, and which contained protein 
material removable by the procedures involving calcium phosphate gel, 
possessed much greater inhibitory effects on pancreatic secretion. 

The demonstration that Ug is suitable for intravenous use in humans and 
powerfully depresses the secretory response to histamine is of interest since 
the only previous evidence of the action of urogastrone in humans was the 
demonstration by Gray, Wieczorowski & Ivy (1940) that a preparation less 
potent than that described by Gray et al. (1942) depressed gastric secretion 
stimulated by histamine on subcutaneous injection in a group of human 
subjects. 

The product obtained by the method described is apparently contaminated 
by traces of a material causing vasodilatation and inhibition of pancreatic 
secretion; that these effects are not properties of urogastrone itself is indicated 
by observations of the author and others (Gray et al. 1942; Howat & Schofield, 
1954) that cruder preparations of urogastrone have greater effects of this 
nature. Preparations of Ug may also be contaminated to a slight extent with 
the brightly fluorescent pigment (“H,O fraction’) removed by water washing 
of the salt-free calcium phosphate column in the last stage. 

This “H,O fraction’ has a slight inhibitory action on gastric secretion on 
intravenous injection in the dog, one-tenth or less than that of the Ug fraction 
subsequently eluted with phosphate. Whether this slight activity of the ‘H,O 
fraction’ is due to the presence of a small amount of urogastrone which has 
escaped adsorption, or whether there is a second substance possibly related to 
urogastrone, of low inhibitory activity, and not adsorbed by the gel, must be 
determined by further investigation. 
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Horr, J. W., Ristey, E. A. & Barnes, R. and properties of a purified 


UROGASTRONE 


SUMMARY 
1. A method is described for the large-scale preparation from normal 


‘human male urine of the gastric secretory inhibitor urogastrone in a highly 


potent and pytogen-free form. 

2. The major constituent of the product appears to be a combination of 
a golden-yellow fluorescent pigment and a protein of relatively small molecular 
weight. 

3. The activity is dialysable through collodion membranes, and appears to 
have an isolectric point between pH 5 and 7. 

4. The product has been shown to inhibit gastric secretion stimulated by 
histamine in human subjects when injected intravenously. 

5. Effects of the preparation on gastric motility, biliary, pancreatic or 
salivary secretion, circulation and respiration are slight or nil, depending on 
the dose. 
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_SPLENIC FUNCTION IN RELATION TO BLOOD PRESSURE 
CHANGES EVOKED BY STIMULATION OF THE 
CEREBRAL CORTEX 


By P. J. KLOPPER 
Department of Physiology, University of Amsterdam 


(Recewed 11 February 1955) 


Many authors have demonstrated that the cerebral cortex influences arterial 
pressure. These experiments were. performed on several species of animals and 
also on man, The most recent publications are those of Lund (1945), Livingston, 
Fulton, Delgado, Sachs, Brendler & Davis (1948), Kaada (1951) and Wall & 
Davis (1951). 

The cortical areas exercising this action include the motor area and the 
prefrontal area (Lund, 1945; Morin, Zwirn & Corriol, 1952; Morin & Zwirn, 
1953; Morin, Corriol & Zwirn, 1953; Eliasson, Lindgren & Uvniis, 1952); the 
orbital gyrus (Sachs, Brendler & Fulton, 1949; Hess, Akert & McDonald, 
1952); the limbic area (Smith, 1945; Ward, 1948; Kaada, 1951) and some parts 
of the temporal lobe (Wall & Davis, 1951; Hoffman & Rasmussen, 1953). 
Changes of arterial pressure have also been caused by stimulation of the 
sensorimotor cortex and the orbital gyrus (Klopper, 1954). It further appears 
possible to cause both rises and falls of blood pressure by stimulating the tip 
of the temporal lobe in cats (gyrus ectosylvius post. and gyrus sylvius post.). 
This had previously been demonstrated in Primates and also in man by 
Kaada (1951), Wall & Davis (1951) and Chapman, Livingston & Poppen 
(1950). 

The aim of the experiments described here was to ascertain whether the 
spleen plays any role in the changes of arterial pressure evoked by stimulation 
of the cerebral cortex. The literature contains only a few reports on the 
influence of the cerebral cortex on splenic function. Bochefontaine (1875) 
reported that splenic contractions were evoked after stimulation of the 
sigmoid gyri in dogs. Barcroft & Stephens (1927) found that the emotional 
state of the animal influences the degree of contraction of the spleen. Bykow 
(1947) showed on dogs that the cerebral cortex has an influence on the spleen. 
He found that conditioned reflexes on the spleen could be formed. 
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The role of splenic function in the establishment of arterial pressure changes 
is also little known. Barcroft, Harris, Orahovats & Weiss (1925) showed that 
the spleen has the capacity to release an amount of blood into the circulation 
if required. In the cat this quantity amounts to 2-6-5-6 % of the total volume 
of circulating blood (Hamilton, 1950). 

Granaat (1952) caused a contraction of the spleen by stimulating the 
efferent nerves of the plexus lienalis; this was accompanied by an arterial 
pressure rise of 20-30 mm Hg. Granaat (1952, 1953) showed that these rises 
are caused by hypertensive substances, including noradrenaline, produced by 
the spleen. He is of opinion that the arterial pressure rise following contraction 
of the spleen can be ascribed only in part to the increase of circulating blood 
volume, occurring with splenic contraction. 

In the experiments described here the spleen was excluded from the circu- 
lation after it had been demonstrated that the cerebral cortex influences the 
arterial pressure. The question studied was whether the spleen, either by 
releasing an amount of blood into the circulation or by secretory action, plays 
a role in the production of arterial pressure — evoked by stimulation of 
the cortex. 

METHODS 
The experiments were performed on thirty cats with a mean weight of 3kg. Ether, chloralose 
with urethane, pentobarbital and thiopentone were used for anaesthesia, sometimes in combi- 
nation. After basal anaesthetization with pentobarbital or chloralose-urethane solution the 


anaesthesia was continued with ether or thiopentone. Some further experiments were performed 
using ether anaesthesia with p-tubocurarine. 

The arterial pressure was recorded with a mercury manometer, the respiration with a tambour 
system. 

After opening the cranium and the dura, the cerebral cortex was stimulated with a square-wave 
stimulator. The stimulation was performed with two thin enamelled wires fixed in a small holder. 
The points of these wires were 1-2 mm apart. The spleen was excluded from the circulation by 
a Schoemaker clamp placed over the splenic hilus or by separate double ligation of the vessels, 
and thereupon extirpated. Three experiments were made after extirpating the spleen a consider- 
able time previously (from a few days to several weeks). 


RESULTS 
Ninclation of the dorsal surface of the frontal lobe 


The stimulated area was situated on the anterior and posterior sigmoid gyri. 
The frequency of the stimulus with which optimal results were obtained, both 
for the rise and for the fall of arterial pressure, was 15-20/sec with an impulse 
duration of 10-15 msec. The intensity varied from 0-05 to 0-6 mA. 

Examples of the effects of stimulating the same cortical area before and 
after extirpation of the spleen are represented in Figs. 1 and 2. 

In Fig. 1 a pressure rise is shown. Stimulation of the same cortical area 


after removal of the spleen produces a pressure fall (Fig. is Effects of this 
kind were repeatedly obtained. 
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It was also observed that the pressure fall caused by stimulating the dorsal 
area of the frontal lobe after extirpation of the spleen was several times larger 
than that evoked before this procedure. The stimulus intensity was the same 
in both experiments. 


Fig. 1. Stimulation of the dorsal frontal cortex near the sulcus coronalis. Stimulus frequency: 
16/sec. Impulse duration: 15 msec. Intensity: 0-6 mA. Upper line: time marker 2 sec. 
Middle line: signal line. 


Pig. 2. Stimulation of the same area after extirpation of the spleen. Stimulus: as in Fig. 1. 


It appears from these experiments that the spleen plays an important role 
in the rise of arterial pressure on electrical stimulation of the frontal area. It 
can be further concluded that the spleen has a function in the stabilization of 
arterial pressure. 
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? Stimulation of the orbital gyrus | | 
Stimulation of the orbital gyri was followed by both rises and falls of blood 
pressure. The pressure rises evoked by electrical stimulation were not in- 


- fluenced by excluding the spleen from the circulation. It may be concluded 


from these experiments that the spleen has no relation to the rise of blood 


_ pressure evoked by stimulation of the orbital gyrus. 


3 Stimulation of the temporal lobe 

The temporal cortical area that was found to influence the arterial pressure 
was situated on the posterior sylvian and posterior ectosylvian gyri. In a 
number of animals the spleen was extirpated after it had been ascertained that 
stimulation of the temporal cortex gave rise to distinct changes in arterial 
pressure. The rise of blood pressure evoked by stimulating the temporal cortex 
did not occur after the spleen had been cut out of the circulation. An example 
is given in Figs. 3 and 4. In these figures the blood-pressure curves evoked by 
stimulation of an area situated dorsally to the sulcus sylvius are represented. 
A stimulus with a frequency of 15/sec, an impulse duration of 10 msec and an 
intensity of 0-1 mA evokes a well-marked response of the blood pressure. This 
is characterized by both rise and fall and by the long duration of the effect. — 
The period of stimulation is 25 sec while the effect continues for about 3 min. — 
The respiration is not altered with the exception of one movement provoked 
by movement of the animal. 

Fig. 4 shows the result of stimulating the same area after extirpation of the 
spleen. This time there is no rise of blood pressure. These experiments show 
that after extirpation of the spleen no blood-pressure rise could be evoked by 
stimulating the temporal cortex. 

To verify the results obtained in the acute experiments the following further 
experiments were carried out. A considerable time before the experiment 
(from several days to several weeks) the spleen was extirpated in a number of 


_ animals, The experiments were made after the animals had completely 


recovered. The cerebral cortex was stimulated as described above. 

Both the frontal and the temporal cortex were stimulated. In no case was 
any rise of arterial pressure obtained. The experiments on splenectomize:| 
animals thus confirm the results obtained in acute experiments. 


DISCUSSION 


The experiments described show that extirpation of the spleen influences the 
blood-pressure changes evoked by stimulating certain areas of the cerebral 
cortex, viz. the temporal lobe and the dorsal surface of the frontal lobe. On 
the other hand, the rise of arterial blood pressure produced by stimulation of 
the orbital gyrus remained unchanged after extirpation of the spleen. 
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Fig. 3. Stimulation of the temporal cortex near the sulcus sylvius post. Stimulus: 
15/sec; 10 msec; 0-1 mA. Above blood pressure: record of respiration. 


Fig. 4. Stimulation of the same area as in Fig. 3 after extirpation of 
the spleen. Stimulus: as in Fig. 3. 
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In the cat no direct relationship between the temporal cortex and the sensori- 
motor cortex has been demonstrated. In Primates, however, Wall & Davis 
(1951) found that the temporal cortex and sensorimotor cortex have in 
common the fact that the changes of blood pressure evoked by stimulating 
them are not influenced by destruction of the hypothalamus. 

It can be concluded that splenic function is influenced by the cerebral 
cortex. This is in accordance with the results of Bykow (1947) who was able to 
form conditioned reflexes on the spleen. 

It appears that the temporal and frontal cortex acts at least in part via the 
spleen. It is likely that the pressure rise evoked by stimulating these cortical 
areas is to be ascribed partly to splenic action. This organ can, as previously 
mentioned, influence the blood-pressure level either by releasing an amount of 
blood into the circulation or by secreting hypertensive substances. _ 

From the experiments concerning the influence of the orbital gyrus on 
arterial pressure it appears that extirpation of the spleen does not influence the 
rise evoked by stimulation of this area. This may be explained by the observa- 
tions of several authors who have studied the conduction of impulses from the 
orbital gyrus to lower centres of the central nervous system which influence 
arterial pressure. In apés, dogs and cats Sachs & Brendler (1948) showed that 
the impulses from the orbital gyri influencing arterial pressure go by way of 
the hypothalamus to the lower vasomotor centres: Wall & Davis (1951) con- 
firmed this in apes and showed also that the impulses influencing arterial 
pressure from sensorimotor and temporal cortex do not pass through the 
hypothalamus. 

SUMMARY 


1. Rise and fall of arterial pressure in the cat was evoked by the stimulation 
of two specified areas on the ventral and dorsal surfaces of the cortex of the 
frontal lobe. Fluctuations of arterial pressure were also caused by stimulation 
of a specified area on the temporal lobe. 

2. The spleen appeared to have considerable influence on those changes of 


arterial pressure which took place after stimulation of the dorsal area of the 


frontal cortex and the area on the temporal cortex. 

3. The spleen undoubtedly plays an important role in the rise of arterial 
pressure following electrical stimulation of the frontal and temporal areas. 
After the elimination of splenic influence, stimulation of the dorsal part of the 
frontal lobe and of the temporal cortex evoked only a fall of arterial pressure. 

4. The rise of arterial pressure evoked by stimulation of the orbital gyrus 
appeared to be unchanged after the elimination of the splenic influence. 
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THE ROLE OF BODY TEMPERATURE IN CONTROLLING 
VENTILATION DURING EXERCISE IN ONE NORMAL 
SUBJECT BREATHING OXYGEN 


By J. E. COTES 


From the Pneumoconiosis Research Unit of the Medical Research Council, 
Llandough Hospital, Penarth, Glamorganshire 


(Received 16 February 1955) 


The body temperature rises during exercise (Pembrey & Nicol, 1898) and in 
proportion to the increase in metabolism (Christensen, 1931). At rest, a rise 
in body temperature increases pulmonary ventilation and depresses the 
alveolar CO, tension (Haldane, 1905), During exercise the effect of temperature 
on ventilation has not been studied in detail, but the ventilation at a constant 
pCO, has been shown to increase with the severity of exercise (Nielsen, 1936). 
This finding may be explained in terms of a rise in body temperature (Gray, 
1950), but there is little direct evidence for the hypothesis (Comroe, 1944; 
Barltrop, 1954). Recently Bannister, Cunningham & Douglas (1954) have 
produced indirect evidence to support it. In the present investigation the body 
temperature has been lowered during exercise and the effect of this procedure 
upon ventilation observed. One subject only was studied in the time available 
so that the conclusions to be drawn from the findings are not necessarily 
generally applicable. 
METHOD 

The subject, aged 30, weight 60 kg, height 180 cm, and wearing light clothing, performed moderate 
stepping exercise. Oxygen was breathed to eliminate any stimulus from hypoxia. The intensity 
of the exercise was regulated by adjusting the height of the step and the rate of stepping; these 
were noted so that the same level of exercise could be reproduced on a number of occasions. The 
replicate variability of ventilation using this method (Hugh-Jones, 1952) in a group of twenty-six 
untrained subjects at 350 kg.m/min, the highest work level adopted in the present investigation, 
was +5-5% and the oxygen consumption was 1-26, s.p.+0-07 l/min s.t.p. (Cotes, unpublished). 
This level of exercise was below the lactic acid threshold for the present subject (cf. Owles, 1930). 


The oxygen consumption for each work level was determined breathing air, using an open circuit 
method (Haldane & Graham, 1935), and it was assumed that no appreciable change occurred 
breathing oxygen (Marzahn, Gilbeau & Zaeper, 1936). 

The experiments started from a quiet resting state with the subject breathing through a mouth- 
piece and blindfold to reduce visual stimulation. No active participation in the experiment other 
than stepping was required of the subject, and the results were not analysed until the whole series 
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had been completed. The rate of breathing, ventilation, and the end tidal CO, tension were recorded 
each half minute on a 200 cu.ft. gas meter, an end tidal air sampler (Rahn & Otis, 1949) and an 
infrared gas analyser. The gas meter agreed with a Tissot spirometer to within +1%. Ventilation 
measurements, averaged over 20 min, were corrected to stPs. The Rahn-Otis sampler, mouthpiece 
and valve box together had a deadspace of 36 ml., and the delay from the point of sampling to 
full-scale deflexion on the analyser meter was 20 sec, of which 8 sec represented the time taken 
for the sample to reach the analyser cell, whose capacity was 0-3 ml. The end tidal CO, tensions 
obtained using this method at tidal volumes exceeding 0-71. in seven experiments were, on 
average, 0°7 mm Hg (range 0-1-5 mm) less than Haldane samples taken at the end of expiration 
(cf. Bannister et al, 1954). In order to vary the end tidal CO, tensions, carbon dioxide was added 
to the oxygen, the mixture then passing through a humidifier and on to a demand system requiring 
a suction in the mouthpiece of 1-3 and 2-2 cm H,O at flows of 30 and 100 1./min respectively. 
The ventilation was measured at rest and at different levels of exercise and body temperature 
whilst the subject was breathing the mixtures. The rectal temperature was measured at intervals 
with a clinical thermometer inserted to a depth of 5-7-5 cm. All observations were made at least 
30 min after the start of the exercise, and it has been assumed that when steady temperature 
readings were obtained under these conditions they bore a reasonably constant relationship to the 
temperature of arterial blood (Mead & Bonmarito, 1949; Cranston, Gerbrandy & Snell, 1954). In 
some experiments the subject was cooled by a spray of cold tap water which flowed off him into 
a shallow bath. The flow was adjusted by trial and error to keep the rectal temperature constant 
to within 0-1° C. This procedure was found to be relatively simple and did not cause discomfort or 


shivering except when the temperature was falling rapidly. 


RESULTS 


In each experiment the end tidal pCO, was stabilized at two levels, which 
straddled 46 mm Hg in most cases (Table 1). The relationship between venti- 
lation, pCO,, and rectal temperature at the two stages of each run are shown © 
in Fig. 1. Assuming a linear relationship between ventilation and carbon 
dioxide tension over the range 40-52 mm Hg at rest (Lambertsen, Kough, 
Cooper, Emmel, Loeschcke & Schmidt, 1953), and during exercise (Nielsen, 
1936), the regression of ventilation on carbon dioxide tension and body 
temperature, allowing for possible interaction between them, is the following: 


Vi =4-6 Pago, + (15:1 —0:1Paco,) BT — 604:9, 


where Vie =ventilation (l./min), Pago,=end tidal carbon dioxide tension 
(mm Hg), Br=body temperature (° C). The standard error for the coefficient 
of the interaction term (0:1) is + 0-27. This term does not significantly improve 


regression when recalculated omitting this term then becomes 
Vi =(1:4 + 0-19) Pago, + (11-0 + 0-78) 453-8, 


The ventilation breathing oxygen can thus be expressed in terms of the 

additive effects of two independent variables: carbon dioxide tension and body 

temperature. The regression coefficient of ventilation on pCO, at constant 

body temperature with its standard error is 1-4 +0-19 1./min per mm change 
36-2 
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in pCO,, and is apparently independent of the actual body temperature over 
the range studied (36-0-38-5° C). 

The regression coefficient of ventilation on body temperature at constant 
pCO, is 11-0+0-78 1./min per ° C rise in body temperature and is apparently 
independent of carbon dioxide tension over the range studied (40-52 mm Hg). 
This relationship is illustrated in Fig. 2, taking an arbitrary pCO, of 46 mm Hg, 
and calculating from the average slope of the regression of ventilation on 
pCO, what the ventilation at this pCO, would have been.in each experiment. 


TaBLeE 1. Ventilation, end tidal pCO, and body temperature at different levels of steady — 
state exercise whilst breathing mixtures of carbon dioxide in oxygen 


Work level Av. 0, cons. Inspired CO, Ventilation —~ End tidal Rectal temp. 


(kg.m/min)  ml./min s.t.p. (%) l/min pCO, (mm Hg) (°C) 
Rest 230 7-5 45-0 36°44 
Rest ann 1-75 8-1 43-3 36-33 
Rest — 16 71 42-9 36-83 
80 500 1-6 15°5 43-8 37:17 
150 745 5-0 48-7 37-56 
170 0-65 21-4 41-8 37°61 
180 821 1-2 19-9 44-0 37-06 
220 895 0-6 20-9 43°3 37°83 
280 1088 2-0 29-1 47-4 38-00 
350 1226 2-5 40°3 48-7 38°39 
350 — 1-4 35-2 48-0 38-33 
350 27-2 43-4 38:33 
Rest 230 5 16-9 49-6 36-11 
Rest — 4-2 11-7 48-3 36°33 
Rest — 5 17-5 50-0 36-61 
80 500 3-2 22-5 48-0 37-06 
150 745 2-25 23-4 42-6 37-56 
170 — 3-2 28-4 50-0 37-72 
180 821 23°7 48-0 37°39 
220 895 3°5 31-2 48-6 37-83 
280 1088 _- 24-8 41-6 38-22 
350 1226 a 29-1 42-4 38-39 
350 —_ 2-2 37-3 50-6 38-33 
350 38-1 50-1 38-33 


The rise in body temperature above the resting level is proportional to the 
increased metabolism. The regression coefficient of body temperature on 
oxygen consumption i is 1-9+0-21° © (95% confidence limits 1-3-2-4) per litre 
increase in oxygen consumption over the range studied (see Fig. 3). 

The observed increase in ventilation during exercise may be due to the rise 
in body temperature, or to metabolism, or to the movements associated with 
exercise or to some other factor. In the hope of deciding between them, the 
body temperature was maintained at its resting value by water cooling, whilst 
the subject exercised breathing oxygen at 350 kg.m/min. In three experiments, 
in which the rectal temperature remained constant to within 0-1° ©, the venti- 
lation decreased and the pCO, increased when compared with the same 
exercise without cooling. The averages for the exercise ventilation, pCO, and 
body temperature for the three periods of exercise performed with cooling at 
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this work level were 23-2 1./min, 51-3 mm Hg and 36-8° C: the corresponding 
values for the six periods without cooling were 28-1 l./min, 42-6 mm Hg and 
38:3° C (Table 2). The individual values are shown as dots in Fig. 4 against 
the regression lines of ventilation on pCO, at different body temperatures 
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Fig. 1. Ventilation and end tidal pCO, breathing oxygen or CO, in oxygen at different levels 
of body temperature obtained by steady state exercise of varying intensity. 


obtained from the first experiment. It can be seen that the ventilation values 
during cooling whilst exercising at 350 kg.m/min are close to those which 
would be anticipated for this subject whilst sitting at rest with the same body 
temperature, 36-8° C (98-3° F), and breathing a CO, mixture adjusted to raise 
his pCO, to 51 mm Hg. | 
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. 2. Regression of ventilation at an end tidal pCO, of 46 mm Hg on body temperature at rest 
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Fig. 3. Regression of body temperature on oxygen consumption at 
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Three other experiments with cooling were carried out. In one cooling was 
inadequate and the body temperature (and ventilation) increased to reach the 
normal values for the subject. In two the ventilation and pCO, stabilized at 
the two points marked x in Fig. 4 whilst the rectal temperature was falling 
over the range 37-0-36-7° C. All the points obtained breathing oxygen appear 
to lie about a line representing the behaviour of ventilation and pCO, for 
constant work at changing body temperatures. The findings suggest that had 
the body temperature fallen appreciably below the resting value at this work 
level a dangerous increase in pCO, might have occurred. 


TaBie 2. Ventilation, end tidal pCO, and body temperature whilst exercising at 350 kg.m/min 
breathing oxygen with and without cooling during exercise. 
Exercise 


With cooling 

22-6 51:1 36-67 
23-5 50-6 36-67 
23-6 52:1 37-00 

Without cooling 

29-1 42-4 38-39 
27:2 43-4 38-33 
28-7 41-0 38-00 
27-1 42-2 38-61 
28-6 43-5 38-00 
27-7 43-0 38-28 


Also included for comparison in Fig. 4 are points obtained whilst exercising 
at the same work level (350 kg.m/min) breathing 2-5% CO, in oxygen with 
a mean body temperature of 38-3°C. Under these conditions the expected 
increase in both ventilation and pCO, has taken place. 


DISCUSSION 


In the present investigation the ventilatory response to CQg, 1-4 1./min per mm 
rise in pCOg, is below the mean value found for normal subjects at rest, but is 
within the normal range (Lambertsen e al. 1953; Prime & Westlake, 1954). 
The ventilatory response to a rise in body temperature under steady condi- 
tions of exercise at constant pCO, has not previously been reported. Nielsen 
(1936) has described the ventilatory response to COQ, at rest and during 
exercise at 223 and 446 kg.m/min on a bicycle ergometer. The regressions of 
ventilation on pCO, at these three levels of activity had the same coefficients 
(i.e. slope) which is in agreement with the present findings. The change in 
ventilation at constant pCO, between rest and the lower level of exercise was 
greater than that between the two levels of exercise; the body temperature 
was not recorded. The difference might have been due to the temperature 
increasing in increments corresponding to the changes in ventilation. 
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The ventilatory response to a rising body temperature at rest has been 
reported by a number of workers (e.g. Landis, Long, Dunn, Jackson & Meyer, 
1926) ; few reports refer to steady conditions of temperature, but Barltrop (1954) 


Ventilation, |./min 
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Fig. 4. Effect on ventilation and end tidal pCO, during steady state exercise at 350 kg.m/min 


whilst breathing oxygen, both of water cooling during exercise, and of adding CO, to the 
inspired oxygen. Points superimposed on regressions of ventilation on end tidal pCO, at 
different body temperatures. @, Body temperature constant; x, body temperature 


found that the mean ventilation increased by 3-8 |./min and the mean alveolar 


CO, tension fell by 4-8 mm Hg in seven normal subjects when their body 
temperature was raised 2° C, and Bazett & Haldane (1921) found comparable 


60 39°C: 
50 
38°C 
3 
3 = 
37°C 
CO 
O 
3 7 
ee 36°C 
e 
Cooj; 
ng 
20 
Be 
ili 


en 


4) 


BODY TEMPERATURE AND EXERCISE 561 


changes of 6-7 1./min and 8-7 mm Hg when the body temperature rose 1-8° C 
under similar conditions. Assuming a mean ventilatory response to carbon 
dioxide of 2 1./min per mm rise in pCO,, this implies an increase in ventilation 
at constant pCO, of 6-7 and 13-41./°C rise in body temperature in the 
two cases. These values are of the same order as the 11 1. increase here 
reported. 

The rise in body temperature during exercise of 1-9° (/l. increase in oxygen 
consumption in this one subject is higher than values previously reported; it 
may be compared with the range 0-6-1-3° C/l. (Lundgren, 1946), which is 
representative of published data. 

The ventilatory response to carbon dioxide at constant body temperature, 
the rise in body temperature with oxygen consumption, and the increase in 
ventilation with body temperature at constant pCO, reported in the present 
investigation are thus reasonably comparable with previous findings. It 
therefore seems probable that the findings were not grossly disturbed by the 
physical or psychological stimuli inherent in the design of the experiments. 
The data suggest that the ventilation whilst performing moderate steady 
exercise breathing oxygen, can be fully described in terms of the additive 
effects of CO, tension and body temperature. This interpretation is supported 
by the three experiments in which the subject’s body temperature was pre- 
vented from rising above its resting level by water cooling during exercise. 
The ventilation was similar to that recorded at rest breathing a CO, mixture 
to produce the same pCO, as that observed under the modified exercise 
conditions. The general applicability of this finding requires verification in 
a random sample of normal subjects. It appears to confirm directly, a part of 
the additive hypothesis propounded by Gray (1950) for the control of venti- 
lation during exercise, and to refute the suggestions both that a sensitization 
of the respiratory centre to CO, occurs in exercise (Lindhard, 1933) and that 
the stimuli arising as a result of limb movement (Harrison, Harrison, 
Calhoun & Marsh, 1932) play a significant part in the control of ventilation 
during exercise in man (Grodins, 1950). 


SUMMARY 


1. The relation between ventilation, carbon dioxide tension and body 
temperature has been studied in one normal subject performing moderate 
‘steady state’ exercise breathing oxygen. 
2. The ventilatory response to carbon dioxide at constant body temperature 
was 1:4+0-191./min per mm change in pCO,, and to body temperature at 
constant pCO, 11-0+0-78 l/min per ° C rise in body temperature. The body 
temperature increased 1-9 + 0-21° C (95% confidence limits 1-3-2: 7” increase 
in oxygen 
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3. The relationship Ve=1-4 Pago, +11-0BT — 453-8 described the behaviour 
of ventilation whilst breathing oxygen or CO, in oxygen at rest, during normal 
exercise and when the body temperature was lowered by water cooling during 
exercise. It is concluded that for this subject breathing oxygen, the ventilation 
is controlled by the additive effects of CO, tension and body temperature, and 
that moderate exercise only influences the ventilation indirectly via its effect 
on these two variables. 


I wish to thank Dr J. C. Gilson for encouragement, advice and the provision of facilities, Mr 
P. D. Oldham for the statistical analysis of the data, and Mr A. J. Merrick for invaluable technical 
assistance. I am also indebted to Dr D. J. C. Cunningham who read the manuscript and to Mr 
F. Meade who prepared the diagrams. ! 
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SENSITIZATION OF THE GUINEA-PIG BY HORSE SERUM 


By L. B. WINTER 
From the Department of Physiology, University of Sheffield - 


(Received 3 March 1955) 


Schild (1937) has shown that a large number of guinea-pig tissues sensitized 
by foreign protein release histamine in vitro when treated with the antigen. 
More recently, Mongar & Schild (1952) show a parallelism between histamine 
telease by chemical releasers and antigen in guinea-pig tissues. There is little 
evidence, however, as to how these findings correlate with anaphylaxis in 
vivo; in fact, there are certain anomalies, notably in the demonstration by 
Schild in his earlier paper of absence of activity of liver tissue in histamine 
release in vitro. In the later paper, Mongar & Schild entirely exclude liver 
from their experiments, although thirteen other guinea-pig tissues were 
examined. Winter (1945) obtained indirect evidence that the liver may be 
responsible for fatal anaphylactic shock in guinea-pigs, although Waters & 
Markowitz (1940) had shown that the presence of this organ is not essential to 
the phenomena of anaphylaxis in the dog. | 

A discrepancy also exists in certain other studies. Feldberg & Miles (1951) 
showed in guinea-pigs that after the animals had received an intravenous 
injection of a blye dye, the injection of a histamine liberator would release 
dye into the skin. Working on the perfused skin of dogs and cats, Feldberg & 
Schachter (1952) found a correlation between severity of systemic shock and 
histamine release from the skin by antigen. Winter (1951) used guinea-pigs 
whose skin had not been treated with any chemical depilator, and found that 
skin reactions were absent from many highly sensitized animals on intra- 
dermal injection of the antigen. In the following experiments a further attempt 
has been made to discover how far in vitro and in vivo methods agree in 
deciding whether an animal has become sensitized to foreign protein. 


METHODS 


The animals, virgin females, weighed about 500 g when received from the Field Station of the 
Agricultural Research Council, and were allowed at least a week to recover from the journey. 
Batches of forty-eight guinea-pigs were used, and the experiments were spread fairly evenly over 
the years 1949-53, The animals were sensitized by three different routes, viz. the peritoneum, and 
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the systemic and portal blood. Each batch was divided into two. Twenty-four animals received 
an intraperitoneal injection of 0-1 ml, of fresh horse serum, and the remainder of the batch received 
the same amount of the same sample of serum by injection into the external jugular vein, which 
had been exposed under ether anaesthesia. The next batch was divided into two, one half being 
sensitized by the intraperitoneal route, but the other twenty-four animals received the serum into 
a large mesenteric vein, ether again being used for anaesthesia before opening the abdomen. Half 
of the next batch of guinea-pigs were sensitized by the jugular route, and so on. Most of the operated 
animalsshowed an uneventfulrecovery. Test for sensitivity was by generalized shock, and examina- 
tion of the isolated uterus. Since it was desired to use the shock test, the animals were not 
examined until 50 days after sensitization, At the end of this period the animals were anaesthetized 
with ether, and one horn of the uterus was removed for testing in the bath, which contained 
120 ml. Ringer-Locke’s solution, and to which 0-05 ml. of fresh horse serum was added after 
relaxation of the muscle. For the shock test, 0-2 ml. of serum was injected into a mesenteric vein 
immediately after excision of the uterine horn. A positive result was not recorded unless the 
animal showed all the typical symptoms, viz. apnoea, opisthotonus and exophthalmos, followed by 
gasping. There was little room for doubt, since fatal shock usually occurred. 


TaBLE 1. Test of sensitization of guinea-pigs to horse serum administered by different routes 


The figures in brackets are percentages of the total experiments. 

Completely sensitive. Animals which showed shock and whose uterus gave a positive result. 

Completely insensitive. Animals which showed no shock and the uterus no reaction. 

Partially sensitized. Animals which reacted by shock but whose uterus was insensitive, and 
animals which showed no sign of shock but whose uterus was sensitive. 


Total number Completely Completely Partially 
_ of experiments sensitive insensitive sensitized Route 
114 41 (35-9) 37 (32-4) 36 (31-5) Mesenteric vein 
135 37 (27-4) 68 (50-3) 30 (22-2) Jugular vein 
205 137 (66-8) | 26 (12:6) 42 (20-4) Intraperitoneal 


TaBLE 2, Analysis of the results obtained from the partially sensitized animals of Table 1 
Total Showing shock, Showing no 


number of uterus shock, but 
experiments insensitive sensitive uterus Route 
36 26 10 Mesenteric vein 
30 12 18 Jugular vein 
42 14 28 Intraperitoneal 
RESULTS 


Of all the animals showing symptoms, 92% died about 5 min after the re- 
acting dose of antigen. The results are shown in Table 1. 

Conclusions which may be drawn from this table are, first, the peritoneal 
route is superior to either of the intravenous routes in giving rise to completely 
sensitized animals, Secondly, the percentage of partially sensitized animals is 
not very greatly different in the three groups. 

The results obtained from the partially sensitized animals are analysed in 
‘Table 2. From the second table it will be seen that in the case of sensitization 
by the mesenteric vein, whereby the liver receives the antigen before the 
uterus, more than twice as many animals showed signs of shock with an in- 

sensitive uterus, as compared with those which did not suffer shock but whose 
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uterine muscle reacted in the bath. In the jugular vein and intraperitoneal 
groups, however, a sensitive uterus was more often found than were symptoms 
of shock with uterine insensitivity. 


DISCUSSION 


Discrepancy between in vitro and in vivo methods of testing for sensitization 
has been found in 20-30% of the experiments. Horse serum is a good antigen 
in the guinea-pig, and it is possible that if a less efficient sensitizer had been 
used, even more results would have been obtained in which generalized shock 
occurred with an insensitive uterus, and vice versa. A possible explanation 
for those discordant results which were observed however, may be found in 
differential sensitization, depending upon the route by which the antigen was 
injected. When the antigen was presented to the animal’s tissues by the 
mesenteric vein, it is easy to understand that the liver cells would receive it 
first, and possibly absorb enough of the foreign protein during the course of the 
slow circulation of the venous blood to leave little for effective sensitization 
elsewhere. The fact that the liver has been shown to contain hardly any 
histamine does not necessarily preclude this organ from taking a part in 
anaphylactic shock. 

When the antigen was given by the veneer vein, it is likely that een would 
affect the lungs first, and after passage through the left heart, would affect 
liver and uterus equally. It is surprising therefore that a sensitive uterus was 
more often found in the discordant results when the antigen had been given 
into the systemic venous circulation. It is also difficult to say to what organ 
generalized shock was due in the completely sensitive animals which were in- 
jected by the jugular vein, for in this group the percentage of sensitized 
animals was lowest (27-4), while in the intraperitoneal group the percentage of 
those fully sensitized was more than twice as great (66:8). In the latter, it is 
most unlikely that the protein was absorbed and first carried by the portal 
blood to the liver, otherwise the discordant results would have agreed with 
those of the mesenteric vein group, i.e. showing a higher proportion with shock 
but insensitive uterus. It is much more likely that the foreign protein after 


absorption from the peritoneum, passed to the lungs, either by the lymphatics 


and thoracic duct, or by capillaries leading eventually into the inferior vena 
cava, and thence to the heart and lungs before reaching the liver. 


SUMMARY 


1. Three series of guinea-pigs have been sensitized by horse serum injected 
into a jugular or mesenteric vein, or the peritoneal cavity respectively. After 


50 days, one uterine horn was removed for intinng, in vuro, after which the 
animal received a reacting dose of serum. 
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2. The peritoneal route is the most efficient in producing completely sensi- 
tized animals. 


3. Some partially sensitized animals were found in each of the three series, 
The implication of these is discussed. 


4, It is improbable that foreign protein passes direct to the liver after 
absorption from the peritoneal cavity. 


I am grateful to Dr W. 8S. Gordon, C.B.E., for arranging a regular supply of animals of the 
required weight, My thanks are also due to Mr G, Webber for technical assistance throughout the 
experiments. 
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EFFECTS OF CALCIUM IONS AND LOCAL ANAESTHETICS ON 
ELECTRICAL PROPERTIES OF PURKINJE FIBRES 


By SILVIO WEIDMANN 


From the Theodor Kocher Institute and the Department of Physiology, University 
of Berne, Switzerland; and from the Department of Physiology, State 
University of New York, College of Medicine at New York City, Brooklyn, 

(Recewed 7 March 1955) 


Calcium ions and local anaesthetics are said to ‘stabilize’ excitable membranes. 
This statement is based on the findings that in the presence of these agents 
(i) stronger currents are needed to stimulate the tissues, (ii) spontaneous 
rhythms are slowed or suppressed, (iii) conduction of impulses may be blocked, 
and (iv) the resting potential remains practically unchanged (for references, 
see Fleckenstein & Hardt, 1952; Brink, 1954). 

The present paper describes the action of calcium ions and local anaesthetics 
on the magnitude of the diastolic membrane potential, the rate of rise and 
‘overshoot’ of the action potential, the threshold potential and the membrane 
resistance of mammalian Purkinje fibres. A knowledge of such data may 
contribute to an understanding of the mode of action of these ‘Wabitiang’ 
agents. 

METHODS 
The membrane potential of single Purkinje fibres (calf, sheep) was measured by means of an intra- 
cellular Ling-Gerard electrode as described by Draper & Weidmann (1951). In the present series 
of experiments fresh Tyrode solution (or test solution) was continuously signees through the 
muscle-bath at a rate of about one drop/sec. 

Current was caused to flow through the surface membrane by means of a second Ling-Gerard 
electrode which had been inserted into the same fibre at a distance of 50-100 u from the recording 
microelectrode (Weidmann, 1951). Membrane resistance was estimated from the voltage change 
produced by square pulses of ‘anodal’ current (eqn. 3 of Hodgkin & Huxley, 1947). 

The membrane voltage was ‘clamped’ at pre-determined values by using two intracellular 
electrodes and a feedback amplifier (Weidmann, 1955). Preparations which had lost their spon- 
taneous activity were stimulated by means of external electrodes, at a rate of about 1/sec. 


RESULTS 


Effects of calcium ions 


As a standard procedure the calcium content of Tyrode solution (2:6 mm) was 
reduced to one-quarter or increased by a factor of 4; the magnesium content 
was left unchanged. The addition or removal of calcium ions resulted in changes 
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which were complete after about 10 min and were well reversible when Tyrode 
solution was re-admitted. Table 1 gives the numerical results; explanations 
will follow. 

It had been noticed in preliminary experiments that total lack of Ca ions led 
to progressive deterioration with failure of spontaneous activity and a drop of 
resting potential after about 30 min. No further attempts were — made 
to study the effects of total calcium deficiency. 


The time course of the action potential 

Addition of Ca ions had the well-known effect of increasing the strength of 
the cardiac contractions (Mines, 1913, and others). This was not paralleled by 
any marked effect on the size or duration of the action potential (Fig. 1). The 
maximum potential difference reached during diastole (in earlier papers 
referred to as ‘the resting potential’) was little affected by Ca ions. It slightly 
decreased with low-Ca Tyrode (—0-8 mV) and slightly increased with high-Ca 
Tyrode (+1-8 mV); but these changes were not statistically significant. 

The length of electrical diastole was increased by Ca ions (Fig. 1). With 
4 x Ca Tyrode spontaneous activity was lost in about 50°% of the preparations 
while excitability was never impaired. The membrane potential of quiescent 
fibres remained in the region of 70-80 mV. 


The threshold potentval 

The effect on the membrane potential of applying ‘cathodal’ current pulses 
is also shown in Fig. 1. Square pulses lasting for 50 msec were applied at 
various phases of the cardiac cycle. In each series the current strength was 
increased by equal steps until an extra-response indicated that threshold had 
been reached. The membrane potential at which the fibre responded (‘threshold 
potential’) was determined by taking the inflexion point between the ‘electro- 
tonic’ potential (upward convex) and the foot of the action potential (upward 
concave). It can be seen in Fig. 1 that the threshold potential stayed practically 


‘constant during diastole. Excess Ca ions decreased it, on the average by 


8 mV, in the instance of Fig. 1 from 72 to 63mV. Or, in other words, the 
membrane had to be depolarized to a larger extent before an extra-response 
was initiated in a Ca-rich solution. This required stronger currents as is 
indicated by the numbers attached to each series of square pulses. 

At the very end of repolarization the fibre could be stimulated by relatively 
weak currents, suggesting the presence of a ‘supernormal phase’ (cf. Hoff & 
Nahum, 1938; Brooks, Orias, Gilbert, Siebens, Hoffman & Suckling, 1951). It 
is evident from Fig. 1 that supernormality was due to the fact that at a certain 
instant the threshold potential had more completely recovered than the 
membrane potential; thus the membrane potential had to be displaced by a 


relatively small amount before threshold was reached. 
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05 sec 

Fig. 1. Superimposed tracings of action potentials. Left: in normal Tyrode solution; right: same 
fibre in Ca-rich Tyrode. Square pulses of ‘ cathodal’ current, increasing by equal increments, 
were applied at different times during the cardiac cycle. Minimum current strength necessary 
to produce an extra-response is indicated by figures above each family of pulses. Course of 
membrane potential after break of square pulses is not traced out. 


Taste 1. Effects of calcium ions on various parameters of the fibre membrane 
+ figures refer to the standard error of the mean; those in brackets to the number of hearts. 


Diastolic membrane 
potential (mV) 


Threshold potential for 


square pulses of 
current (mV) 


Threshold potential for 


spontaneous firing 
(mV) 

Reversed potential 
difference during 
activity (mV) 

Rate of diastolic 
depolarization 
(mV/sec) 


Max. value for rate of 
rise of action potential 


(V/sec) 
Voltage for ‘half- 


Average value in Average change with 


inactivation’ (V,) (mV) Range 60 to 84 _ 


Relative membrane 
resistance (%) 


normal Tyrode 4 x Ca Tyrode 

98 +2 (14) 0-8 40-4 (5) 

Range 91 to 110 Range -2 to 0 

68 +2 (8) 

Range 60 to 76 

7343 (7) (4) 

Range 60 to 87 Range +3 to +12 

(12) -1-0+1-5 (3) 

Range 24 to 40 Range -—4 to +2 

47+7 (5) +243 (4) 

22 to 67 Range +10 to -3 

560480 (11) 

Range 330 to 900 

72+2 (11) 

100 +7+10 (4) 

Range +27 to -9 

The pacemaker threshold 


change with 
4x Ca Tyrode 
+1-8+1-0 (12) 
Range -3 to +10 
-7+1-4 (4) 
Range -3 to -9 


8-4+40°8 (5) 
Range —5 to 10 


0+1 (3) 

Range -—2 to +1 
0+2 (5) 
Range +6 to -5 


+20+ 100 (7) 
Range +250 to - 70 


— 56+ 1-6 (7) 
Range 0 to - 11 
-12+5 (4) 

Range +2 to 


In the case of Fig. 2 the microelectrode was recording from a pacemaker 
region. This is suggested (i) by the relatively steep potential fall during 


diastole, and (ii) by the presence of an upward curvature in the voltage-time 
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curve, starting some 50 msec before the upstroke of the action potential 
(Bozler, 1943; Weidmann, 1951). The pacemaker threshold was estimated in 
a rather arbitrary way by taking the lowest membrane potential at which the 
trace was still visible on the photograph. The values for Fig. 2 would thus be 
68 mV with low-Ca Tyrode, 62 mV with normal Tyrode and 57 mV with 
high-Ca Tyrode. On the average (Table 1) the pacemaker threshold potential 
decreased by 16mV in going from }xCa Tyrode to 4xCa Tyrode. This 
accounts for the slowing action of calcium ions on the heart rate and for the 
possible standstill with high-Ca solutions. The steepness of depolarization 
during early diastole was not appreciably affected by Ca ions. 


1 sec. 
Fig. 2. Potential time course in a pacemaker region. Records superimposed on phase of 
repolarization. From same fibre in } x Ca Tyrode (earliest upstroke of action potential), 
normal Tyrode and 4 x Ca Tyrode (latest upstroke). 


The rate of rise of the action potential 

It was shown in a previous paper (Weidmann, 1955; based on Hodgkin & 
Huxley, 1952a) that the rate of rise of the action potential depends in a 
characteristic way on the value of the membrane ‘resting’ potential. Thus the 
rate of rise was at a maximum when the membrane potential had been 
‘clamped’ above 90 mV previous to the passage of an impulse (Fig. 3). And 
the rate of rise decreased when the action potential took off from a lower level 
of the membrane potential. There is evidence suggesting (i) that the rising 
phase of the action potential is due to sodium ions entering the fibre, and 
(ii) that the movement of sodium ions through the surface membrane is not 
a simple diffusion process but is aided by a ‘carrying system’ (Hodgkin & 
Huxley, 19526). The S-shaped curves as seen in Fig. 3 may thus be interpreted 
37-2 
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by saying that a maximal amount of ‘sodium carrying units’ can be made 
available when the membrane voltage has been kept above 90 mV previous 
to the passage of an impulse; and that carrying units are ‘inactivated’ when 
lower voltages are maintained across the membrane previous to the 
depolarization. 


pP 
600 hve 
of 
+4 


4xCa Tyrode + 


4 60 80 100 120 
Clamp” potential (mV) 


Fig. 3. Effect of calcium ions on the relationship between membrane ‘clamp’ potential and 
maximal rate of rise of the action potential. Open circles correspond to values obtained 
before, filled circles to values measured after the application of a Ca-rich solution. Smooth 
curves are drawn from eqn. | of Weidmann (1955). 


T 


Rate of rise (V/sec) 


Fig. 3 and Table 1 suggest that an increase of the calcium concentration had 
no significant effect on the upper limiting value of the S-curve; however, there 
was a shift of the curve to the left (average 5-6 mV, shift statistically signifi- 
cant). This means that for ‘clamp’ potentials in the region of 70 mV the 
upstroke velocity of the action potential was higher with Ca-rich solutions 
than with normal Tyrode. 


The membrane resistance 

In the experiment illustrated by Fig. 4 a few action potentials were super- 
imposed by synchronizing the time base with the upstroke of the spike. 
Rectangular pulses of ‘anodal’ current were applied to the membrane. The 
upper edge of the superimposed traces corresponds to an action potential in 
the absence of applied current while the lower edge represents action potentials 
displaced by anodal current. The amplitude of the voltage changes provides 
a qualitative index of the membrane resistance. The values listed in Table | 
were obtained at the moment of highest membrane potential (beginning of 
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diastole). No appreciable change of the membrane resistance was observed when 
the extracellular calcium concentration was varied by as much as 16-fold. 


| 
1 sec 1 sec 1 sec 
4x Ca Normal Ca 4xCa 


Fig. 4. Records used to estimate membrane resistance. Film exposed during a number of suc- 
cessive action potentials, Membrane potential displaced by square pulses of ‘anodal’ current. 
Calcium concentration had no appreciable effect on amplitude of ‘electrotonic’ potential, 
thus no appreciable effect on membrane d.c. resistance. 


On the reliability of the voltage measurements 

The membrane voltage was estimated by comparing the ‘inside’ potential of a single fibre with 
the ‘outside’ potential (3 M-KCl microelectrode in direct contact either with myoplasm or with 
bathing solution). Two successive insertions of a microelectrode gave results which generally 
agreed within 2 mV. All voltage measurements were thus based on as few as two or three insertions; 
but the same spot of the same fibre was used when values obtained in a test solution were to be 
compared with values obtained in normal Tyrode solution. 
If an electrode tip was left intracellular for as long as an hour, the amplitude of the action 
potential usually did not change; but the crest height of the spike increased or decreased at the 
cost or benefit of the diastolic potential, indicating most probably a potential drift (up to 20 mV) 
at the site of the electrode tip. Therefore, the procedure was (i) to photograph the course of the 
membrane potential, (ii) to withdraw the microelectrode from the inside of the fibre, and (iii) to 
inject calibration voltages in series with the electrodes. This was repeated when the bathing solu- 
tion had been changed so that every ‘inside’ potential was compared with an ‘outside’ potential. 
In other tissues an excess of Ca ions was shown to increase the membrane potential by an 
appreciable amount (10 mV, see p. 578). One might therefore wonder about the possibility of 
systematic errors committed in carrying out the present measurements. If an appreciable increase 
of the diastolic membrane potential had actually occurred and had remained unnoticed, then both 
the threshold potential and the relationship between ‘clamp’ potential and ‘rate of rise’ might 
not have changed at all; and the interpretation of the calcium effects would be greatly simplified. 
However, no reason can be seen for mistrusting the present data. It may be added that substitu- 
tion of Tyrode solution by 4 x Ca Tyrode did not alter the value of the ‘outside’ potential by more 
than 0-5 mV. 


Effects of local anaesthetics 


Most experiments were performed with cocaine hydrochloride which was 
used at a concentration of 16 wg/ml.(=0-05 mm). With cocaine the condition 
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and conduction block occurred after a lapse of 1-2 hr. This suggests that not 
too much significance should be attached to the quantitative aspect of the 
cocaine data which were usually obtained when the cocaine-Tyrode solution 
had been circulating through the bath for about 1 hr. All changes were 
reversible upon the re-admission of normal Tyrode solution. 


Cocaine ‘on’ | Cocaine ‘off’ 
| 
0 | 
—40 
7 
—20 


Membrane potential (mV) 
3 


0:5 sec 


Fig. 5. Effect of cocaine on cardiac action potentials. Tracings have been displaced horizontally 
by a distance proportional to the number of minutes after the addition or removal of 
cocaine. Time in minutes is indicated by figures above spikes, 


The time course of the action potential 


Fig. 5 shows tracings of action potentials which were recorded at various 
times after substituting cocaine-Tyrode for normal Tyrode. The decrease 
of the spike height and the lowering of the plateau were the most obvious 
changes. Shortening of the plateau was often less pronounced than in the 
instance of Fig. 5. There was also a decrease of the maximal value of the 
diastolic membrane potential, namely from 98 mV to an average of 88 mV 
(s.E. of mean + 3 mV; range with cocaine 80-94 mV; 6 expts.). In the instance 
of Fig. 5 spontaneous activity ceased during the fifth minute while the prepara- 
tion remained excitable and conducted impulses up to the 97th minute. 
Following the passage of each impulse the membrane potential asymptotically 
reached a resting value which in six experiments averaged 78 mV (s.z.+2mV; 
range 70-82 mV). 

The influence of the membrane ‘resting’ potential on the size of the action 
potential can be judged from Fig. 6. Curve A is a high-speed record of the 
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beginning of an action potential (same fibre as for Fig. 5). Curve B shows the 
effect of increasing the membrane potential from 81 to 114 mV and breaking 
the polarizing current at about 1 msec previous to the passage of an action 
potential: the upstroke was steeper and the ‘overshoot’ reached a value 
similar to that found in the absence of cocaine (35 mV instead of 40 mV). 


The rate of rise of the action potential 

More detailed information about the upstroke velocity is provided by Fig. 7. 
The upper limiting value of the S-shaped relationship between ‘clamp’ 
potential and ‘rate of rise’ was not affected to a large extent (average decrease 
18%, 6 expts.). But the curve was markedly displaced to the right, the voltage 
for ‘half inactivation’ being increased by an average amount of 18 mV 
(s.e.+3 mV, range 11-21 mV). The result would signify that cocaine ‘inacti- 
vated’ most of the ‘sodium carrying units’ at a membrane potential of 
70-80 mV but that this effect could be counteracted by increasing the 
membrane potential to relatively high values. 


The threshold potential 


At a time when conduction block was imminent the membrane had to be 
depolarized to about 50 mV (instead of 68 mV) before it responded to square 
pulses of cathodal current (Fig. 8, series B). During that stage the break of 
a weak anodal current (Fig. 8, series C, +2) resulted in a damped oscillation | 
while the break of a stronger current (+3) was followed by an all-or-nothing 


voltage of 79 mV (s.z.+2 mV; 6 hearts). With cocaine the threshold potential 
for ‘cathodal make’ and that for ‘anodal break’ thus differed considerably. 
It may be added that in the absence of local anaesthetics Purkinje fibres did 
not respond following the break of an anodal current. 

Fig. 8 shows one more finding that needs some comment. By passing astrong 
cathodal current (—10) the membrane voltage could be kept reversed for a 
period corresponding to that of an action potential. Following the. break of 
that current the membrane voltage reached a higher value than following a 
propagated action potential. This suggests that the slight reduction of 
membrane potential during diastole which is observed with cocaine is probably 
connected with the lowering and shortening of the plateau. 


ntifibrillatory agents 

Drugs having a local anaesthetic action are used to protect hearts against 
multiple extra-systoles and fibrillation (for references, see DiPalma, 1954). 
The question thus arises whether representatives of the different groups of 
antifibrillatory drugs have a mode of action similar to that of cocaine. 
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Membrane potential (mV) 


_ Fig. 6. Trace A: high-speed record of an initial spike from a fibre in cocaine. Trace B: Same as 


in A, but following the break of a 140 msec ‘anodal’ current pulse. Deflexions at beginning 
of traces are artifacts due to stimulating current and due to the break of polarizing current. 
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Fig. 7. Effect of cocaine on relationship between membrane ‘clamp’ potential and maximal 


rate of rise of action potential. Smooth curves are drawn from eqn. 1 of Hodgkin & Huxley 
(1952a). 
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Procaine amide hydrochloride (50g/ml.), quinidine sulphate (10 g/ml.) 
and diphenhydramine hydrochloride (an ‘antihistamine’, 10 ug/ml.) all brought 
about inexcitability of Purkinje fibres at the end of 1-2 hr. Their action 
resembled that of cocaine in the following respects. (1) Spontaneous activity 
was abolished ; (2) the membrane potential of resting fibres did not drop below 
72 mV before impulse conduction was blocked; (3) the size of the ‘overshoot’ 
and the rate of rise of the action potential were greatly decreased for a given 
resting potential but could be brought back close to normal values by 
establishing a high membrane voltage previous to the passage of an impulse; 
and (4) the fibres responded at the break of anodal currents. 


on 


-10 


Membrane potential (mV) 


60 — 
| 
80 — 

— 
100 — +3 
D 

A B 140 msec C 


Fig. 8. Fibre in cocaine Tyrode solution. A, propagated action potential. B, effect of square 
pulses of ‘cathodal’ current; duration 140 msec; numbers attached to curves refer to current 
strength in relative units. C, effect of square pulses of ‘anodal’ current. D, propagated action 
potential; membrane hyperpolarized for 140 msec and current broken shortly before passage 
of action potential. 


The voltage-time course that can be recorded during the occurrence of 
multiple extra-systoles suggests that each action potential takes off before the 
membrane is fully repolarized from the preceding one (Coraboeuf & Boistel, 
1953), i.e. at a time corresponding to the ‘supernormal phase’ (Fig. 1). It was 
therefore asked whether antifibrillatory drugs might postpone the return of 
excitability with respect to membrane repolarization. With Purkinje fibres in 
Tyrode solution the absolute refractory phase was over when the membrane 


had repolarized to 60 mV (Weidmann, 1955). Under the influence of any of 


the drugs mentioned above repolarization had to proceed to 70-75 mV before 
re-excitation became possible. An effect of this magnitude would be expected 
from the change of the steady-state relationship (Fig. 7) between ‘clamp’ 


potential and rate of rise of the action potential. 
Richter (1942), who was using quinidine at reasonably low (therapeutic) 


concentrations, found no dissociation between repolarization and the recovery 
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of excitability. The present data refer to fibres which were close to a conduction 
block. No doubt the effect obtainable with therapeutic doses must gy rather 
small though not necessarily insignificant. 


DISCUSSION 


The present experiments have shown again that Ca ions and local anaesthetics 
have certain effects in common. Thus both agents can stop spontaneous 
activity; and with both agents the membrane potential is ‘stabilized’ at 
70-80 mV. However, an important difference becomes apparent as soon as the 
fibres are stimulated. With local anaesthetics the action potentials are small 
and have a low rate of rise. With Ca-rich Tyrode the action potentials have 
a normal size and may have an increased rate of rise. 


The action of calcium ions 


Ca ions seem to ‘stabilize’ Purkinje fibres mainly by shifting the threshold 
potential to lower values so that more depolarization is required before the 
fibres respond. With skeletal muscle the stabilizing effect of Ca ions must be 
due—at least in part—to an increase of the resting potential. Jenerick & 
Gerard (1953) find a rise from 90 to 100 mV (frog sartorius; 8 x Ca Ringer); 
and Gossweiler, Kipfer, Poretti & Rummel (1954) report a rise from 82 to 
92 mV (rat diaphragm; 4 x Ca Tyrode). However, the possibility remains that 
there is an additional effect of Ca ions on the threshold potential. The effect of 
Mg ions on frog sartorius muscle is similar to that of Ca ions on Purkinje fibres, 
in that the resting potential remains unchanged and the threshold potential 
decreases (del Castillo & Engbaek, 1954), 

The threshold voltage may be interpreted as being the potential difference 
at which inward current (Na current) overpowers outward current (K current 
and Cl current; Hodgkin, 1951). And one might assume that with Purkinje 
fibres the main effect of Ca ions is to decrease the Na permeability of the 
surface membrane (Py,) when the potential stays at a value in the neighbour- 
hood of threshold (60-80 mV). 

The measurements of membrane resistance (Fig. 4) suggest that in early 
diastole the ionic permeability of the fibre membrane was not markedly 
affected by Ca ions. There is indirect evidence to show that during diastole 
the permeability to potassium ions (Rx) is comparatively high and that to 
sodium ions comparatively low (Burgen & Terroux, 1953; Draper & Weidmann, 
1951). It thus appears that a 16-fold change of the Ca concentration should 
have altered the membrane resistance if Ca ions had any marked effect on Py. 

The apparent insensitivity of Py to Ca ions may well be a peculiarity of 
cardiac muscle. With skeletal muscle there is evidence suggesting that Ca ions 
decrease P;. Thus in Ca-rich solutions the electrical resistance of frog muscle 
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is increased (Tamasige, 1951), and efflux of radioactive K from rat diaphragm 
is decreased (Gossweiler et al. 1954). Whether this is a direct effect of Ca ions 
on Pg or an indirect effect resulting from the observed rise of the resting 
potential (rectifier effect; Cole & Baker, 1941; Jenerick, 1953) remains to be 
decided. 
The action of local anaesthetics 
A fibre in cocaine has many similarities with a fibre in normal Tyrode 
solution which at the end of much experimentation has got into a derelict 
state. Thus in both instances the rate of rise and ‘overshoot’ of the action 
potential are low, indicating that the ‘sodium carrying system’ is largely 
inactivated. And in both instances an anodal break response can be obtained 
even at a time when the membrane has ceased to respond to cathodal stimuli, 
suggesting that ‘inactivation’ can be removed by increasing the membrane 
potential (see Hodgkin & Huxley, 19526). However, an important difference 
is this: a ‘bad’ fibre has a low resting potential while a cocaine fibre is in a 
similar state at a relatively high or ‘normal’ resting potential. It was recently 
shown by Posternak & Arnold (1954) that the flow of anodal current can not 
only restore conduction thr. ugh a segment of frog sciatic nerve which has been 
treated with depolarizing narcotics but also has the same effect on a region 
treated with non-depolarizing anaesthetics. This is in accordance with the 
present hypothesis that cocaine ‘inactivates’ most of the ‘sodium carrying 
units’ at a relatively high membrane potential (70-80 mV; Fig. 7), and that 
this effect can be counteracted by increasing the membrane potential. 
Certain effects of cocaine have been interpreted as being due to a decrease 
of Pz (Shanes, 1949; Hardt & Fleckenstein, 1949). Measurements of membrane 
resistance (r,,) would be of interest in this connexion. A slight increase of r,, 
was actually observed on three occasions; but there were indications that 
under cocaine the fibre membrane did not behave as a CR-circuit (Fig. 8); thus 
no conclusions can be drawn from these results. 


A note on cardiac fibrillation 


It is of interest that three drugs which are sometimes useful in the treatment 
of fibrillation have a few effects in common. But it seems hard to judge 
whether any effect they exert on otherwise ‘normal’ Purkinje fibres will 
provide a clue in an attempt to understand their antifibrillatory action. 
Possibly it is of importance that they decrease the ‘safety factor’ for impulse 
propagation (more depolarization necessary to stimulate; less inward current 
flowing in activated region). Most probably their tendency to suppress 
spontaneous firing is of some value. Even the slight dissociation between 
membrane repolarization and the return of excitability may be beneficial. In 
this connexion it seems worth mentioning: (i) that in high-Ca solutions cardiac 
muscle becomes re-excitable at a relatively early stage of repolarization 
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(Schiitz, 1936; confirmed in present experiments), and (ii) that fibrillation may 
result from a rapid rise of the extracellular Ca content (for references, see 
Grumbach, Howard & Merrill, 1954). | | 


Considerations concerning the ‘sodium carrying system’ 

A relevant fact emerging from the present experiments is that the maximal 
transport capacity of the ‘carrier’ is not altered by Ca ions (Fig. 3) and is little 
affected by local anaesthetics (Fig. 7). This indicates that these ‘stabilizing’ 
agents do not act by blocking in a simple way a certain proportion of the 
‘channels’ through which Na ions enter the fibre. 

According to Hodgkin & Huxley (19525) the ‘sodium carrying system’ may 
exist in three different states: (1) resting (low Py, but Py, can rise if fibre is 
depolarized) ; (2) active (high Py,); (3) inactive (low Ry,, and Py, cannot rise 
if fibre is depolarized). These may be connected in the following way 


resting = active inactive 


? 


Evidence was presented by Hodgkin & Huxley (19526) suggesting that the 
distribution of the total amount of ‘sodium carrier’ on these three states 
depends on (i) membrane voltage, and (ii) time during which a certain 
membrane voltage has been maintained. Calcium ions and local anaesthetics 
now seem to have an additional influence on the equilibria. 

Calcium ions are assumed to shift the reactions to the left. This would 
explain a decrease in excitability; it would also explain the higher upstroke 
velocities of the action potentials; for at membrane ‘clamp’ potentials of 
60-80 mV more carrier would be stored in the resting state; and it has been 
assumed that ‘resting carrier’ can easily pass into ‘active carrier’ upon 
depolarization of the membrane. 

Local anaesthetics are assumed to shift the reactions to the right. A high 
voltage gradient may reduce this effect, either by increasing the rate at which 
the carrying system recovers from inactivation (cf. fig. 3 of Hodgkin & Huxley, 
19524); or by displacing local anaesthetics (cations) from their site of action. 


SUMMARY 


1. The membrane potential of single Purkinje fibres (calf, sheep) was 
measured by means of an intracellular microelectrode. 

2. A four-fold decrease or a four-fold increase of the Ca concentration in the 
extracellular fluid (Tyrode) had no marked effect on (i) the size and shape of 
the action potential, (ii) the value of the maximal diastolic membrane potential 
and (iii) the membrane resistance. However, more depolarization was required 
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to excite a fibre in Ca-rich solutions, and less depolarization in Ca-poor solu- 
tions; this accounts for the ‘stabilizing’ effect of Ca ions. 

3. Cocaine HCl (16yg/ml.), procaine amide HCl (50yug/ml.), quinidine 
sulphate (10 ug/ml.) and diphenhydramine HCl (an ‘antihistamine’, 10 .g/ml.) 


stopped spontaneous activity within a few minutes and blocked conduction 


after a lapse of 1-2 hr. These drugs had again little effect on the diastolic 
membrane potential; but they lowered considerably the rate of rise and ‘ over- 
shoot’ of the action potential. ‘ Normal’ values could be restored in spite of the 


presence of local anaesthetics if the membrane potential was increased to about 


120 mV previous to the passage of an impulse. 

4. The hypothesis is put forward that both Ca ions and local anaesthetics 
act on the system which is responsible for carrying sodium ions through the 
surface membrane. 


My thanks are due to Prof. A. L. Hodgkin and to Dr R. D. Keynes for helping me with the 
Discussion. 
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RECOVERY FROM ACUTE HAEMORRHAGE IN NORMAL 
MEN AND WOMEN 


By G. R. WADSWORTH 


From the Medical Research Council’s Blood Transfusion Research Unit, 
Postgraduate Medical School, London, W. 12 


(Received 9 March 1955) 


Fowler & Barer (1942) and Alstead (1943) showed that the time for recovery 
of haemoglobin concentration after the sudden loss of about one pint of blood 
varied considerably between individuals. These studies, however, took no 


- account of the magnitude of experimental errors or of the day-to-day varia- 


tions which can occur in the haemoglobin levels of normal people (Brown & 
Goodall, 1946; Renbourn, 1947; Biggs & Allington, 1951). There is still con- 
siderable doubt, therefore, about the normal time of recovery from moderate 
blood loss. 

Because of changes in plasma volume, it is generally agreed that haemo- 
globin concentration during the first few days after haemorrhage may not give 
an accurate measure of blood loss (Bennett, Dow & Wright, 1942; Dyson, 
Plaut & Vaughan, 1944). Alstead (1943) suggested that a relative increase in 
plasma volume might persist for many weeks and so mask an increase in the 
number of circulating red cells as measured by haemoglobin concentration. 
It has been claimed (Giffin & Haines, 1923) that some people gain weight after 
haemorrhage, but no systematic study of this seems to have been made. If 
such weight increases do occur they may represent increases in body water and 
thus in plasma volume also. 

Other problems raised by previous investigators and which seem to require 
further investigation are, whether red cells are replaced more quickly than 
haemoglobin after haemorrhage; whether women recover more slowly than 
men; ‘and whether the loss of about one pint of blood is sufficient to cause an 
increase in erythropoietic activity. 

The present investigation was ene to obtain further information about 
the above problems. 
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MATERIALS. AND METHODS 
Subjects | 
Thirty-three subjects were investigated (nineteen men and fourteen women). They were all 
sedentary workers in normal health and were between the ages of 20 and 35 years. Apart from 
members of one control group, each subject attended the laboratory at approximately the same 
time of day on each occasion. The body weight was recorded and a venous blood sample taken. 
Blood was removed without stasis with the subject sitting down and heparin was used as an anti- 
coagulant. No preliminary rest period was given and venepuncture was performed 5-10 min after 
the subject’s arrival at the laboratory. No medication or special diet was given during the inquiry. 
A few of the subjects attended irregularly so that groups analysed in any one series were not always 
of equal size on each occasion. 
Subjects were divided into the following groups: 


(1) Controls 

(a) The haemoglobin concentration of venous blood samples of four men and four women was 
measured once a week for 4 consecutive weeks. These subjects were all office workers and did not 
attend the laboratory, but blood samples were taken from them at their place of work. 

(6) The body weight and haemoglobin concentration of three men and two women were 
measured each day (except on Sundays and, occasionally, on Saturdays) for about 1 month. It 
was possible to analyse statistically twenty nearly consecutive daily measurements for each of 
these subjects. 


(2) Subjects investigated after blood loss 

At one stage of the investigation each member of this group was bled of about 8% of the blood 
volume. Venesection was made with the subject recumbent and pressure was applied to the upper 
arm by means of an inflated sphygmomanometer band. A size ‘15’ (S.W.G.) needle was inserted 
into an antecubital vein through an area of skin anaesthetized by the previous injection of 1% 
procaine, and the blood allowed to flow through an attached piece of rubber tubing into a bottle. 
The subjects were divided into subgroups according to the frequency of examination after the 
haemorrhage. 

(a) A group of ten men and eight women were investigated once a week for periods ranging from 
6 to 12 weeks after the blood loss. Complete records for 12 consecutive weeks were obtained for 
four men and three women and over 6 consecutive weeks for another three men and four women. 
Thus complete records over a period of 6 weeks were available for seven men and seven women. 

(6) Three men were investigated three times a week for 6 weeks after haemorrhage. 

(c) Four men and two women were investigated daily as far as possible for about 1 month 
after haemorrhage. Three of the men and both the women were those included in control group 
1(6). Two of the men were those referred to in group 2(b) above. When subjects took part in more 
than one experiment an interval of 2-3 months elapsed between each investigation. In the case 
of the control subjects the blood loss was sustained immediately at the end of the control period, 
so that their complete records extended over a total period of about 2 months. 

Haematological investigations were made on each occasion on 0-5-1-0 ml. of blood and always 
included a measurement of the haemoglobin concentration. Usually packed red cell volume and 
plasma specific gravity were also estimated and, in three subjects of group 2(c), reticulocyte 
— were made for several days before and for the entire period of investigation after the blood 

O88. 
Methods 

Haemoglobin concentration was measured as oxyhaemoglobin in a photo-electric colorimeter. 
Scale readings were converted to percentage haemoglobin (Haldane scale) by reference to the reading 
given by a neutral-grey glass screen (Donaldson, Sisson, King, Wootton & Macfarlane, 1951) at 
the time of each series of estimations. The constancy of the instrument was checked each month 
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by estimating the haemoglobin concentration of a known sample of blood supplied under a Medical 
Research Council scheme. Oxyhaemoglobin solutions were prepared by dissolving 0-1 ml. of 
thoroughly mixed blood in 20 ml. of distilled water containing 0-04% ammonia. A single 0-1 ml. 
and a single 20 ml. pipette were used throughout the investigation and estimations were always 
made in duplicate. The experimental error of the method was investigated by making up quadru- 
plicate dilutions from each of twenty samples of human blood. An assistant labelled each 
dilution separately by means of a code so that the observer was unaware of its identity until the 
completion of the experiment. The results were subjected to an analysis of variance (Table 1). 
This showed a standard deviation of 0-75% Haldane scale with a coefficient of variation of 0-8%. 
It was estimated (see Biggs & Allington, 1951) that differences of haemoglobin concentration 
- greater than 2:1% Haldane scale (0-3 g/100 ml.) would be significant. 


TaBLe 1. Analysis of variance of the results of simultaneous estimations of haemoglobin 
concentration on quadruplicate dilutions of twenty blood samples 


: Sum of Degreesof Variance Significance of 
Source squares freedom estimate variance ratio (F’) 
Subjects — 25,564-68 19 1345-5 P<0-001 
Samples 0-56 3 0-187 P>0-5 
Residual 32-30 57 0-567 — 
Total  (25,597-54 79 


Packed red cell volumes were estimated in Wintrobe tubes, centrifuged at 3000 rev/min at 
_ 15 cm radius for 55 min. Readings of the red cell column were taken excluding the ‘ buffy coat’ 
and were converted to a percentage of whole blood. Estimations of specific gravity were made on 
the supernatant plasma in the haematocrit tubes by the method of Phillips, Van Slyke, Hamilton, 
Dole, Emerson & Archibald (1950). 

Reticuloeyte counts were made on oxalated blood, three drops of blood being mixed with one 
drop of stain and incubated at 37° C for 30 min. Thin smears were made from the mixture and 
the number of reticulocytes in a total of 5000 red cells was counted. The stain consisted of 1 g 
brilliant cresyl blue dissolved in 80 ml. of 1% sodium chloride and 20 ml. of 3% sodium citrate. 

Body weight was measured on a counterweight balance, the accuracy of which was found to be 
satisfactory on weighing known volumes of water. Each subject was weighed clothed, but it was 
usually possible to ensure that the same type of clothing was worn on each occasion and heavy 
articles, such as coins, were removed from the pockets before weighing. 


Control subjects 


The results of measuring haemoglobin concentrations of eight subjects at 
intervals of 1 week are given as an analysis of variance in Table 2. A standard 
deviation of 1-77 Haldane scale was found with a coefficient of variation 
of 1-69%. 

It was calculated that differences greater than 5% Haldane scale (0- 1 4 g/ 
100 ml.) were significant. 

The variations in haemoglobin levels of control group (b) 9 were similarly 
analysed and the results are shown in Table 3. As in control group (a), there 
was no statistically significant difference between estimates of haemoglobin 
concentration on different days. There was a standard deviation of 2-76% 
Haldane seale with a coefficient of variation of 2°74%. Differences greater 
than 7-°8% Haldane scale (1-15 g/100 ml.) were calculated to be significant. 
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The estimation of experimental error referred to in the description of the 
method was that due to in vitro procedures. The analyses given in Tables 2 
and 3 give further estimates of experimental error, but they include errors in- 
volved in the collection of blood samples and due to extraneous causes operating 
on the subjects concerned. They are, therefore, considerably greater than the 
in vitro errors alone. The greater variations shown by the daily sample group 
may be explained by the fact that this group was exposed to greater external 


influences such as the degree of physical exertion immediately before blood 


samples were taken (Walters, 1934), compared to the weekly sample group 
who did not have to come to the laboratory and in whom the number of chances 
of external influences operating was considerably smaller. 


TABLE 2. Variations in haemoglobin concentration of four men and four women 
tested at weekly intervals for four weeks 


Sum of Degrees of Variance Significance of 
Source squares freedom estimate variance ratio (F) 
Subjects 2,905-74 7 415-10 : P<0-001 
Days 19-55 3 6-52 P>0-2 
Error 65-57 21 3-12 
Total 2,990-86 


TaB_LE 3. Variation in haemoglobin concentration of three men and two women 
on 20 nearly consecutive days 


Sum of Degrees of Variance Significance of 
Source squares freedom estimate variance ratio (F) 
Subjects 4,124-22 4 1031-05  P<0-001 
Days - 113-38 19 5-967 P>0-5 
Error 581-36 76 7-65 — 


The effect of sudden loss of blood on haemoglobin levels 

(a) Considerable variation was found in the haemoglobin concentration of 
each individual examined at weekly intervals after haemorrhage. In all cases, 
however, the lowest levels were found in the samples taken at the end of the 
first or second week. It was only during this period, also, that deviations from 
the pre-donation levels appeared to be greater than variations which might have 
been expected in non-bled subjects. In most instances the maximum fall in 
haemoglobin concentration was consistent with that estimated from the 
volume of blood removed and the theoretical blood volume of the subject. 
Four representative cases are shown in Fig. 1. 

Little or no change in the mean haemoglobin concentration for the whole 
group was found between the first and second week after the blood loss, but 
after week two there was a sudden rise in the mean haemoglobin concentration 
to approximately the pre-donation level by the fourth week. 

When the mean haemoglobin concentrations of seven men and seven women 
were examined statistically by comparison of adjacent weekly levels (sec 
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Ellis & MacPherson, 1951) it was found that a significant change in the con- 
centration was present only between week two and week three in the case of 
men and between week three and week four in the case of women (Fig. 2). 

In those subjects investigated for twelve weeks, no further significant change 
in haemoglobin level was found in addition to those described above. It was 


0 2 4 6 8 10 12 
Weeks after bleeding 


Fig. 1. Haemoglobin concentration in two men (M) and two women (F) at weekly 
intervals after being bled of about 8% of their blood volume. 


0 1 2 3 4 5 6 
Weeks after bleeding 


Fig. 2. Mean haemoglobin concentration in seven women’(F) and seven men (M) at weekly 
intervals after being bled of about 8% of their blood volume. The mean haemoglobin con- 
centration as a percentage of that found on the first occasion of peg of four men and four 
women (control group 1 (a)) is also shown (C). 
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therefore concluded that recovery of haemoglobin concentration was complete 
within 3-4 weeks of the haemorrhage. | 

(b) The haemoglobin concentration of three subjects investigated three 
times a week after blood loss showed an apparent rhythm in which there were 
peak values at day seven and at day fourteen. The same pattern was shown by 
each individual (Fig. 3). | 


120 


Percentage Hb concentration 
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Fig. 3. Changes in haemoglobin concentration in three men (group 2(6)) after 
- being bled of 8% of their blood volume. 


The group was too small and information about the normal variations of its 
haemoglobin level insufficient to form any opinion about the length of the 
recovery period. The findings in this group, especially when taken in con- 
junction with the results of the investigation of reticulocyte counts (see below) 
raise the possibility that sudden blood loss may cause rhythmical changes in 
haemoglobin levels during the ensuing 2-3 weeks. It should be added, how- 
ever, that weekly rhythms in haemoglobin levels and in reticulocyte counts 
may occur in normal non-bled individuals (Wadsworth, unpublished observa- 
tions). The blood volume of the three subjects of this group had been pre- 
viously measured in another investigation (Chaplin, 1954), and it was of 
interest to note that the maximum fall in haemoglobin concentration corre- 
sponded to that calculated from the volume of blood removed. 

(c) Examination of the results of daily tests of haemoglobin concentration 
in two men and two women showed that after the venesection the maximum 
deviations from the normal levels were those found in the first 2-3 weeks. 
Apart from this period individual variations were no greater than those shown 
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before haemorrhage. There was no clear-cut rhythm in the haemoglobin levels 
of these subjects, although in two cases there was a suggestion of this (ig: 4). 
The loss of blood caused no obvious change in He weight. 


Fig. 4. The daily haemoglobin levels of two men and two women before and after being bled of 
about 8% of their blood volume. The reticulocyte counts of the three subjects in whom this 
measurement was made are also shown. The mean haemoglobin concentration (+1 s.D.) 
before bleeding is shown by a dotted line. 


Reticulocytes 

A reticulocyte response was found after haemorrhage in each of the three 
subjects investigated. The pattern of the response was similar in all instances 
and the mean values are shown in Fig. 5. 

The graph shows a steady rise in the reticulocyte percentage, beginning on 
the first day and reaching a maximum about day nine. There was then a fall, 
followed by a second peak at day seventeen. The count was apparently returning 
to normal at the end of the investigation. It has been argued (Schiedt, 1938) 
that the reduction of the number of red cells after a haemorrhage in itself might 
account for an increase in the reticulocyte percentage even if there were no 
increased output of these cells. In such a case, however, the maximum rise 
would be expected immediately following the loss of blood with a steady 
decrease afterwards. Furthermore, on this argument a loss of 8% of the red 
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cell volume would only increase the normal reticulocyte count to the same 
extent, so that a normal count of 1% would increase to only 108%. The 
present investigation showed a maximum rise from a normal level of some- 
what less than 1% to over 2%. It was concluded, therefore, that in these 
subjects a loss of about 8% of the teu cell volume did result in an increased 
output of reticulocytes. 
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Fig. 5. Changes in the mean reticulocyte count of one man and two women after 
the loss of about 8% of their blood volume. 


TaBLE 4. Body weight, packed red cell volume (P.C.V.), mean corpuscular haemoglobin con- 


centration (M.C.H.C.) and plasma specific gravity of men and women after the loss of about 
8% of their blood volume. 


mmed, 
Measurement before l week 2 weeks 3 weeks 4 weeks 5 weeks 6 weeks 


Men (7) Weight (kg) 72:37 72:40 72:30 7201 72:14 (‘72:16 72-16 
Women (5) 57:30 57:20 57:10 57:40 57:20 57:50 57-20 
Total (12) 66-08 66:07 65:96 65-92 65:90 66:03 65-90 
Men (7) P.C.V.(%) 44-7 42-2 42-8 442 44-9 44-8 44-6 
Women (6) : 40-7 38-2 38-7 39-7 40-4 40-4 40-9 
Total (13) 42-9 40-3 40-9 42:1 42-9 42-9 42-9 
Men (6) M.C.H.C. (%) 34-4 34:6 34-4 34-4 34:1 34-1 34-2 
Women (6) 33-9 33-9 34-5 33-6 34-0 33°9 34-1 
Total (12) 34:2 34:3 34-4 34-0 34-1 34-0 
Men (7) Plasma sp. gr. 1-0270 1-0267 1-0268 1-0273 1-0271 1-0269 1-0269 
Women (4) 10265 1-0269 1-0268 1-0263 1-0266 1-0263 1-0266 
Total (11) 10268 1-0268 1-0268 1-0269 1-0270 1-0267 1-0268 


Plasma specific gravity, body weight and packed red cell volume 


The results of the investigation of plasma specific gravity, body weight and 
packed red cell volume in groups of men and women whose records were com- 
plete for 6 consecutive weeks after haemorrhage are summarized in Table 4. 
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In this table a calculation of the mean corpuscular haemoglobin concentration 
is also shown. 

There was no convincing evidence of any change in body weight as a result of 
haemorrhage in either men or women. This was also true of plasma specific 
gravity. Changes in packed red cell volume showed that recovery was com- 
plete by the fourth week in men and women and mean values for the whole 
group show a@ recovery curve similar to that for haemoglobin concentration. 
There was no appreciable change in mean corpuscular haemoglobin con- 
centration, thus showing that red cells and haemoglobin were both replaced at 
the same rate. 


DISCUSSION 


Fowler & Barer (1942) defined the ‘recovery period’ after a sudden loss of 
blood as the time taken for the haemoglobin concentration of an individual to 
return to the level found just before the venesection. Such a definition appears 
unacceptable in the light of the present findings because the haemoglobin level 
before haemorrhage showed considerable variation. Moreover, the adoption of 
such a criterion could in itself explain why previous investigators found marked 
individual differences in the time needed to recover the normal haemoglobin 
level after haemorrhage. It is probable that intra-individual variations in 
haemoglobin concentration would cancel out when group means are calculated. 
For this reason results based on group means would be more reliable in forming 
an opinion of the recovery time after haemorrhage. In the present investiga- 
tion this period was 3-4 weeks for both men and women. If no increase in 
haemopoietic activity took place after haemorrhage, recovery would take 
120 days (the average life-span of normal red cells in the circulation). 

This is most easily explained by assuming that the total red cell mass is made up of age-group 
compartments of equal size and separated by 1-day intervals. On any one day that group which 
has reached an age of 120 days is removed from the circulation and is replaced by a group of 
equal size consisting of new cells. When blood is lost from the circulation by haemorrhage it is 
probable that an equal number of cells will be removed from each age group. Therefore, there will 


be a deficiency in the total red cell mass so long as any of the age-group compartments present at 
the time of the blood loss remains in the circulation, i.e. 120 days. 


If recovery was complete in twenty-eight days there must have been an 
increased rate of output of new red cells over the normal rate. Such an in- 
crease was indicated in this inquiry by the results of the reticulocyte counts. 
In spite of this evidence of increased erythropoietic activity during the first 
2 weeks after haemorrhage, there was no corresponding increase in haemo- 
globin concentration or packed red-cell volume. This suggests that during this 
period there may have been a relative increase in plasma volume. On the 
present findings this did not appear to be part of a general increase in body 
water as shown by measurements of body weight. 
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The results of measurements of plasma specific gravity were in agreement 
with the view that plasma proteins are quickly replaced after haemorrhage 
(Wright, 1952). 

The problem of recovery from a sudden loss of about 8 % of the blood volume 
is also of great interest from the clinical point of view because haemorrhages 
of this size are common in medical, surgical and obstetric practice. The clinician, 
however, has to deal with an individual case who would show not only a 
deviation from a normal mean haemoglobin level resulting from the hae- 
morrhage, but also a deviation of uncertain amount of spontaneous origin. 
The difficulty is further increased because, as a rule, no knowledge of the 
patient’s normal haemoglobin level would be available at the time of examina- 
tion. The results of the present investigation suggest that isolated measure- 
ments of haemoglobin concentration, even if these are made by means of an 
accurate method, could give false information of (1) the extent of the blood 
loss; (2) the stage of recovery from haemorrhage; (3) whether bleeding was 
continuing or had ceased. More reliable information about these points might 


-be obtained from repeated daily estimations of haemoglobin concentration, 


especially if these were accompanied by reticulocyte counts. 

There was no evidence in the present investigation that women were at a 
disadvantage compared to men in dealing with a sudden loss of blood. The 
subjects of this inquiry were healthy and well-nourished and it is possible that 
unsuspected deficiency in iron reserves in the body may have accounted for 
the contrary findings of some previous investigators. Such iron deficiency 
might also have accounted for the results of inquiries in which red cells were 
found to be replaced more quickly than haemoglobin and for the onset of 
anaemia in presumably normal people who were subjected to repeated loss of 
blood, These conjectures are supported by the work of Coleman, Stevens, 
Dodge & Finch (1953). 

SUMMARY 

1. The effects of a sudden loss of about 8% of the blood volume were 
investigated in normal men and women. 

2. When account was taken of normal variation in haemoglobin levels, 
recovery was apparently complete in 3-4 weeks in men and in women. 

3. Haemorrhage of this size can cause an increase in erythropoietic activity. 

4. There was no apparent effect on body weight, although there was some 


evidence of an increase in plasma volume for 2 weeks immediately after 
venesection. 


I wish to thank Dr P. L. Mollison for his help in the preparation of this paper, and the subjects 
of the investigation for their willing co-operation. 
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THE MOVEMENT OF SODIUM AND OTHER IONS 
IN PACINIAN CORPUSCLES 


By J. A. B. GRAY anp M. SATO* 
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Alvarez-Buylla & de Arellano (1953) demonstrated potentials, graded to the 
stimulus strength, in Pacinian corpuscles. Gray & Sato (1953) analysed these 
receptor potentials and suggested that, on the evidence then available, the 
most reasonable explanation of their generation was that charge was trans- 
ferred by one or more ions moving down their electrochemical gradients subse- 
quent to a change in membrane permeability. It was clearly important to 
investigate the effects on the receptor potential of different concentrations of 
various ions. Some preliminary experiments suggested that the times taken 
for ions to enter or leave Pacinian corpuscles might be long, and therefore 
experiments were done to measure the rate of loss of “Na from, and its distri- 


bution in, these bodies. A few experiments were done on the rate of loss of **Br 
and the uptake of 4#K. 


METHODS 


Two methods were employed; in the first the Pacinian corpuscles were allowed to come into 
equilibrium with the tracer ion in vivo and then groups of corpuscles were soaked for varying 
times; in the other, individual corpuscles were loaded with the tracer ion in vitro and then measured 
at intervals while soaking in an inactive solution; finally the corpuscle was divided for the 
spatial distribution of the ion to be determined. All in vitro procedures were carried out at 
room temperature. 

Method 1. A cat was injected intraperitoneally with 6-5 to 10 ml. of a solution (see below) 
containing the tracer ion, and about 16 hr later the mesentery was removed under ether anaesthesia. 
At the time of the operation the animal contained about 2-5 mc of radioactive material. 

All available corpuscles were dissected from the mesentery, care being taken to keep them 
moist. The numbers obtained in thirteen different experiments ranged from 27 to 90 (mean 68); 
in only two experiments were there less than 50. The corpuscles were then divided at random into 
groups, usually of 10 corpuscles each; though up to 20 were placed in groups which were to be 
soaked for 2-3 hr. Sometimes clusters of large or small corpuscles occurred in the mesentery «o 
that if the corpuscles were not randomized some groups had much larger average masses thai 


* Present address: Department of Physiology, College of Medicine, University of Kumamoto, 
Kumamoto, Japan. 
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others. The groups were placed in watch-glasses filled with the solution in which the corpuscles 
were to soak; the time at which the first and last corpuscle of each group was placed in the solution 
was noted. The process of transferring 10 corpuscles usually took from 1 to 2 min, and the mean 
was taken as the time soaking began. One group of corpuscles was not placed to soak in the 
solution, but the corpuscles were rinsed, blotted and placed in a boiling tube. They were then 
covered with 1 ml, of concentrated nitric acid (NaOH in **Br experiments); after 15 min, 9 ml. 
of distilled water was added. The sample was then ready for counting. The groups placed in the 
solution were soaked in a volume of about 5 ml.; since the volume of 20 corpuscles, the largest 
group used, was about 2-5 mm*® the volume ratio was normally greater than 1 in 2000, When a 
group was due to soak for 2 hr or more the solution was usually changed once. The groups were 
left for various times ranging from 10 min to 3 hr; each corpuscle was then taken, blotted and 
transferred to a boiling tube and the times noted at which the first and last corpuscles of a group 
were transferred; the mean time was taken as the end of soaking. Once the group of corpuscles 
had been transferred to the boiling tube it was treated in the same way as the unsoaked group. 

Samples of 9 ml. were transferred to a 20th Century Electronics M.6 fluid counter and counted 
for a time sufficient to make the counting errors small compared with the other errors. All the 
counts were corrected for background, dead time and the decay of the isotope activity. 

Method 2. In this method the cat was not injected with a solution containing the tracer 
element, but corpuscles were dissected from the mesentery and placed in a solution containing 
about 0-2-0-3 me/ml. of the radioactive ion; the compositions of the solutions are given below. 
After soaking for 4-5 hr each corpuscle was rinsed, blotted and placed in a shallow, flat-bottomed 
basket made of fine silver or stainless steel gauze; one corpuscle to each basket. Each basket fitted, 
on top of a disk of filter-paper moistened with the solution used for soaking, into a shallow Perspex 
trough 2-5 cm in diameter, designed to fit under a General Electric G.M. 4 end window counter. 
The procedure was as follows; as soon as the corpuscle had been placed in the basket the time was 
noted and the activity counted for either 4 or 1 min; immediately the counting was finished the 
basket was taken from the trough and placed in a Petri dish containing the solution in which the 
corpuscle was to soak; the time at which the corpuscle was immersed was noted. After a period, 


usually 10 min, the basket was lifted out of the solution, the time noted, excess moisture blotted 


from the basket and the activity again counted; the counting completed, the basket was returned 
to the solution and the time recorded. The procedure was then repeated at intervals for periods 
varying between 30 and 90 min. 

The majority of the 32 corpuscles treated in this way were then divided in order to estimate the 
relative concentrations of the tracer at different distances from the centre. The Pacinian corpuscle 
consists of fibrous tissue lamellae with fluid between each; it is thus possible to cut through a 
number of the outer lamellae and then shell out the intact centre. It was possible to repeat this 
procedure a number of times and four parts were normally obtained from each corpuscle. The 
technique was as follows: immediately after the corpuscle had been counted for the last time in its 
basket it was transferred to a small drop of solution on a round cover-glass; under a dissecting 
microscope (magnification x 50) the outer layers were split with needles sharpened into micro- 
scalpels and the centre was removed as quickly as possible to another cover-glass, where the whole 
procedure was repeated. It was important that the micro-scalpels should be sharp and free from 
burrs so that damage to the lamellae of the central part should be minimal; it was also important 
that once the central part had been exposed to the drop of fluid it should be transferred as rapidly 
as possible to the next cover-glass in order to reduce the loss of active material from it. 

In order to obtain a measure of the volume, the corpuscle was viewed with a microscope fitted 
with a camera lucida and the profile traced; this was repeated at each stage of the dissection. The 
axes of the tracing were measured, and the area was obtained by calculation from the hemi-axes 
on the assumption that the profile was an ellipse; the area was also measured with a planimeter. 
The mean differences of these two estimates were 6-2% (range 0-25 %) regardless of sign, for the 
22 corpuscles used in the four complete experiments quoted in this paper. Volumes were then 
calculated from the areas obtained with the planimeter by assuming that the corpuscles were 
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prolate spheroids, i.e. by multiplying by 4/3), where 6 is the minor hemi-axis. Sample volumes 
were obtained by subtracting the successive measurements obtained at each stage of the 


Method 1 Errors of measurement 


Counting errors. With this method the counting rate obtained from the unsoaked samples of 
10 corpuscles ranged from 140 to 1000 per min. After 2-3 hr soaking the counts were very low 
and were counted for periods up to 1 hr. The background was counted for a comparable time, and 
the standard error of the difference was calculated. It was practicable to count all but the samples 
of lowest activity for long enough for this standard error to be small compared with other experi- 
mental errors. To check that the errors of counting were limited to those expected on theoretical 
grounds, a sample was counted repeatedly, each count being about the same size as the total 
counts normally reached; the counting rate was slightly higher than those found in the experi- 
ments. The observed standard deviation agreed well with that obtained theoretically from the 
Poisson distribution. 3 

Errors of sample volume. This constituted the main source of error since each group of corpuscles 
had to be assumed to have the same volume. When groups having different numbers of corpuscles 


were used in the same experiment it was assumed that the activity was proportional tothenumber __ 


of corpuscles. An estimate of this source of error was obtained in two experiments in which groups 
of corpuscles were taken without soaking and the variation in activity between the groups 
observed. In the first of these, in which eight groups were obtained and the corpuscles were not 
allotted to the groups at random, the overall coefficient of variation was 17-3%; most of the error 
was accounted for by the result of one sample; excluding this sample, the coefficient of variation 
was 7:7%. In the second experiment the corpuscles were grouped at random and three groups 
were obtained; the coefficient of variation was 8-5%. In calculating the errors a coefficient of 
variation of 8% was taken as the contribution of this source of error. 

The results are presented here as a percentage of the initial activity and each point is plotted 
with lines indicating + twice the calculated standard error of the point; the standard error was 
calculated by summing the variances due to counting and volume errors and including that due 
to the error in the estimate of the initial activity. | 

Time. A group of 10 corpuscles was normally transferred into or out of a solution in 1 min; 
rarely the process took longer than 1-5 min. The time plotted as the soaking time was the difference 
between the means of two such periods. An error of + 1 min has been indicated in the figures. 


Method 2 


Counting errors. With this method the initial activity had to be very high in order that the final 
samples, after the corpuscle had been soaked and divided, should have enough activity to count. 
With the sample in the usual position in relation to the counter window this activity gave counts 
around 10,000 per min. At these counting rates the error observed between repeated counts was 
considerably greater than the theoretical error, and the dead time correction became large; in three 
of the experiments described the counting rate was kept below 5000 per min by increasing the 
distance between the sample and the counter window. At this counting rate counts could be 
repeated with the accuracy expected from theory, but in spite of efforts to keep the geometry 
constant the ratios between the counts obtained with the sample in the two positions varied by 
more than the expected error; there may be an extra error of about 5% due to this but in nearly 
all runs it is confined to the measurement of the initial activity. In one experiment initial count 
rates were kept below 6000 by using a more dilute solution of the tracer and all counts were made 
with the sample in the normal position. The total number of counts obtained at each test was 
decided by the time that could be allowed without introducing large timing errors. 

Another counting error, when using this technique, was the self absorption of the tissue. The 
greatest length of pathway through the tissue for a B-particle that could enter the counter was about 
0-5 mm. This thickness of tissue could reduce the count of *4Na by about 5%, but as the counts 
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were made from the whole corpuscle and ionic movement should have been uniform in all directions, 
the error in the relative counts would have been small. 

Time. With this technique the corpuscle could not be soaked when it was counted; none the 
less ionic movement would continue inside even if the loss at the surface was much reduced. Two 
times were recorded therefore: the total time from the moment at which the corpuscle was first 
placed in the soaking solution, and this time less the time during which the corpuscle was out of 
the solution for purposes of counting. These two times are the limits of the uncertainty and are 
indicated by the crosses and dots on the appropriate figures. 

Errors of sample dimensions. As only one corpuscle was used for each run relating fall of activity 
to time, this source of error, which was the most important with Method 1, can be regarded as 
negligible. 

Errors in estimating the relative concentrations at different distances from the centre of the corpuscle. 
The error of these measurements was large. The overall errors can be seen in an experiment in 
which 6 corpuscles were soaked in a solution containing *4Na for 4-5 hr; the total activity of each 
corpuscle was then counted and each was divided into 3 or 4 parts; the activity of each part was 
measured. Volumes were measured at the same time, and the relative concentration of Na in 
each part was calculated. The coefficient of variation of the relative concentration of *4Na in the 
whole corpuscle was 37% (number =6), that of the parts 69% (number = 22). If the relative con- 
centrations of the ion in the parts were calculated as proportions of the relative concentration 
in the whole corpuscle from which they were dissected, then the coefficient of variation of these 
proportions over the whole 22 samples was 56%; it is this figure which relates most directly to 
the experimental results. The biggest contribution to these errors was probably in the estimates of 
volume. 

Solutions of tracer ions | 

“Na for injection. 1 g of irradiated Na,CO, was dissolved in 10 ml. of 1-15 n-HCl, and 100 ml. 
of distilled water was added. 

*4Na for soaking isolated corpuscles. 1 g of irradiated Na,CO, was dissolved in 12 ml. of n-HCl 
and made up to a total volume of 123 ml. A portion of this solution was then neutralized (pH 
7:3-7-6) with a small quantity of n-HCl, and KCl and CaCl, were then added to make the final 
concentrations of these substances 0-042 and 0-024% respectively. In one experiment HCl was 
added to a portion of the bulk solution in a quantity sufficient for theoretical neutralization. This 
solution was then boiled; the volume was made up, the pH adjusted to 7-3-7-6 and the KCl and 
CaCl, added as before. 

“Br for injection. Irradiated NH,Br was dissolved in water sufficient to make the solution 
isotonic. 

“K for soaking isolated corpuscles. 2g of irradiated KHCO, were dissolved in 7-5 ml. of 1-15 
N-HCl and 80 ml. of water. The following solution was then made up: NaCl 0-84 g, KCl and 
KHCO, (from bulk and calculated as KCl) 0-12 g, CaCl, 0-024 g, NaHCO, 0-015 g and H,O to 
100 ml. 


Solutions used for soaking loaded corpuscles 
Locke’s solution: NaCl 0-92 g, KCl 0-042 g, CaCl, 0-024 g, NaHCO, 0-03 g, H,O to 100 ml. 
Na-free solution: choline chloride 2-6 g, KCl 0-042 g, CaCl, 0-024 g, NaHCO, 0-03 g, H,O to 
100 ml, 


RESULTS 
Loss of tracer ions from loaded corpuscles 
4Na from groups of corpuscles (Method 1). In the experiments, the results of 
which are illustrated in Fig. 1a and b, Pacinian corpuscles were taken from a 


cat which had been injected with a solution of “Na 14 hr previously, and groups 
of these corpuscles were then soaked for various times in the choline chloride 
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solution already described. The activity of each of these groups is plotted on a 
logarithmic scale, as a percentage of the initial activity, against the duration of 
soaking. 

The general slopes of the two graphs in Fig. la and 6 are clearly different, 
and they represent the extremes of the range found in seven experiments with 
“Na. If the time taken for the relative activity to fall to 10% is used as an 
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Fig. 1. Loss of “Na from groups of Pacinian corpuscles, Abscissa: time in min. Ordinate: 
activity, as a percentage of the initial activity (log. scale). The bars indicate + twice the 
standard error of the estimate of relative activity and +1 min (see section on errors). a and b, 
two different experiments. 3 


index of the general rate of loss of the ion, the results can be summarized as 
in Table 1. The experiments illustrated (Fig. 1a, b) were obtained by soaking 


loaded corpuscles in choline solution, but there were others in which the 


corpuscles were soaked in Locke’s solution. It can be seen from Table 1 that 
there was no significant difference between the results obtained with the two 
solutions. The mean value of the time to 10% activity in all the seven experi- 
ments obtained with this method was 68 min (s.p. 21 min). 

®2Br from groups of corpuscles. One experiment was done in the same way as 
the experiments just described, but using ®*Br instead of “Na. The result was 
similar to those obtained with Na. The time required to reduce the relative 
activity to 10° was 36 min, which was the shortest time observed in experi- 
ments with groups of corpuscles; however, there is no evidence that the rate of 
loss of * Br is different from that of “Na as the observed time only deviates 


from the mean **Na result by 1-5 x the standard deviation of the distribution 
of results with “Na. 
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*4Na from single corpuscles (Method 2). The results plotted in Fig. 2 were 
obtained by soaking single Pacinian corpuscles for 4-5 hr in a highly active 
“Na solution and then counting the activity of the corpuscle at various times 
while soaking in an inactive solution. Since in this method the changes of 
activity were followed in a single corpuscle, and it was possible to obtain more 
points than when using groups, the internal consistency of each run is better 
than that. obtained by the group method. | 


TaBLE 1. Rate of loss of radioactive ions from Pacinian oe suspended in various solutions 
ean ‘ 


time 8.E. of 

Soaking No.of 10% 8.D. mean 

Method Tracer ion solution expts. (min) (min) (min) 
1 *4Na Locke 4 64 24 12 
Choline soln. 3 73 20 
1 Na All results 7 68 21 8 
a ; 32t 30 36 6 
2 Na Choline soln. 139 29 17 3 
2 *4Na Choline soln.* 26f. 34 40 9 

2 Choline soln. 6 15 3 1:3 


* Excluding six results obtained on 1 day, when the corpuscles were loaded in an unneutralized — 


solution, 
+ Results from these six corpuscles. 
Includes four extrapolations. 
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Fig. 2. Loss of “Na from single Pacinian corpuscles. Abscissa: time, min. Ordinate: activity 
as a percentage of the initial activity (log. scale). The bars indicate + twice the standard 
error of the estimate of relative activity. The dots and crosses mark the limits of uncertainty 
in time (see section on errors). a and 6, two experiments on different days. 
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The graphs relating the logarithm of relative activity to time show a curva- 
ture in the earlier stages of the process but tend towards a straight line as time 
proceeds. In all thirty-two experiments carried out with this method the later 
points can be fitted, within the limits oferror, by a straight line. 

The rate of loss of *Na was much more rapid in these experiments than in 
those done with groups of corpuscles. As can be seen in Table 1 the mean times 
required to reduce the activity to 10% of its initial value was only 30 min, 
s.D. 36 min. (These figures are means from thirty-two experiments of which 
the graphs of four had to be extrapolated, e.g. Fig. 2a top; means of the non. 
extrapolated observations are shown in Table 1, but these are clearly biased.) 
The variation between individual experiments was large, the times to 10% 
activity ranging from 5 min to something of the order of 3 hr, a result obtained 
by extrapolating from the top curve of Fig. 2a. This high rate of loss of **Na, 
as compared with the group experiments, may be due to the conditions under 
which the corpuscles were loaded; it is also possible that the tracer ion was not 
uniformly distributed throughout the corpuscle in the relatively short time 
that could be allowed, but in the light of the time taken to soak **Na out in the 
group experiments it does not seem likely that this factor could have had a 
very large effect on the results. The pH of the tracer solution was considered 
as a possible reason because in the six runs done on the first day the times to 
10% activity were especially short (mean 15 min), and these corpuscles had 
been soaked in an alkaline tracer solution. On the other hand, all the other 
corpuscles were soaked in nearly neutral solutions; some of these were just on 
the alkaline side and one was on the acid side of neutrality, but no consistent 
differences in the results were observed. . 


Uptake of 

Some experiments on the loss of “*K from Pacinian corpuscles were attempted, 
but it was found impossible to give large enough doses of potassium to a whole 
animal. Experiments were also attempted in which it was hoped to follow the 
uptake of “K using the basket technique (Method 2); this method proved un- 
successful because of the difficulties of removing all the active solution during 
counts. One successful experiment was done, however, by allowing groups of 
corpuscles to take up “*K from a solution for varying times and then macerating 
them in nitric acid and counting ina fluid counter (as described under Method 1). 
The result of this experiment is shown in Fig. 3, the number of counts being 
plotted against time; for purposes of comparison the experiment in Fig. 1a 
is plotted on the same co-ordinates. .No definite conclusions can be drawn from 
this single experiment which did not last long enough to establish a steady 
state; the early stages, however, are similar in time course in both experiments. 
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Fig. 3. Uptake of “*K into groups of Pacinian corpuscles. Abscissa: time, min. Ordinate: 
corrected counts per 5 min. @, uptake of “*K; O, loss of Na (same results as Fig. 1a). 


The distribution of *Na in Pacinian corpuscles 

In most instances, when the rate of loss of Na had been followed in a single 
Pacinian corpuscle, the corpuscle was divided and the activity of different 
layers determined. Usually four such parts were obtained and the activity of 
each was divided by its volume; these values were converted to percentages of 
that obtained for the whole corpuscle before soaking began. The final figures 
represent relative concentrations and are plotted in Fig. 4; the abscissa of this 
figure is radius (r) as a proportion of the outside radius (a) of the corpuscle. 
The value of radius plotted for each point was obtained by taking the cube root 
of the mean of the cubes of the internal and external radii of each sample. The 
different lines on the figure are from the results of different corpuscles, which 
were soaked for different times during the same experiment. Four such groups 
of graphs were obtained and the one illustrated is the one showing the most 


_ regular pattern. This pattern shows that there is a rapid loss of “Na from the 
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outer layers of the corpuscle, but that in the inner layers the concentration 
remains high for long periods. | 

The answer that was required from these experiments was the time course 
of the loss of 2*Na at different values of radius. This could only be obtained by 
combining results from different corpuscles as each one could represent only 
one time. However, the rate of loss of “Na from different corpuscles varied 
widely, and it was therefore necessary to adjyst the time scales of each result 
in such a way that all results might be comparable. This was done by noting 
the times at which the “Na concentration in each corpuscle had fallen to 50, 
20 and 10% of its initial value and taking the mean of these times; this value 
was then divided into the mean of the corresponding values of all the experi- 
ments done with groups of corpuscles. A constant was thus obtained by which 
the time scale relating to a particular corpuscle could be multiplied. The results 
from all the corpuscles, which were dissected, were treated in this way and it 
was then found that the curves relating percentage activity to this standardized 
time were superimposable, within their limits of error, except at long times 
when there were discrepancies. It was noted at what time, on the standardized 


scale, each corpuscle was dissected (i.e. in each curve of Fig. 4), and it was then 


possible to construct Fig. 5. This figure relates relative activity to standardized 
time for four different values of r/a. Since the standard to which all individual 
time scales were corrected was the mean time scale of the experiments using 
groups of corpuscles, the standardized time can be regarded as a mean value. 


DISCUSSION 


The Pacinian corpuscle is a laminated structure and the lamellae can be _ 


separated by dissection; the spaces between the lamellae are filled with fluid 
which can escape when the laminae are damaged (Pacini, 1840). The lamellae 
themselves consist, for the most part, of collagen with a small amount of 
elastic tissue and fibrocytes. From the histological evidence it therefore seems 
that there is little intracellular space in a Pacinian corpuscle; the only cells 
being the nerve fibre and the fibrocytes. The evidence provided in this paper 
neither supports nor contradicts this statement, and it seems reasonable to 
suppose that the observations with “Na, normally an extracellular ion, relate 
to Na in the extracellular fluid. The point of immediate practical importance 
is the rate at which the Na leaves the corpuscle, particularly the centre of the 
corpuscle. The rate of loss from the whole corpuscles was different with the 
two methods used. In the first method, in which the whole animal was 
equilibrated with the tracer ion, the corpuscles remained in what was pre- 
sumably a healthy state until the time that they were removed from the 
animal. The corpuscles used in Method 2 were removed from the animal about 
6 hr before soaking in the inactive solution; they were, for most of this time, 
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ina solution which was not identical with tissue fluids; and they were subjected 


to intense radiation for about 5 hr. There is every reason to suppose that the 


results obtained with the first method represent the more accurately the rate 
of loss of the ion in healthy Pacinian corpuscles at room temperature. The 
concentration at the centre of the body will fall more slowly than that of the 
whole. Fig. 5 is a compilation of results relating the logarithm of relative 
activity to a standardized time, based on the mean value obtained from the 
experiments with groups of corpuscles. Even in Fig. 5d, which represents the 


_ Percentage activity 


10F 


0 05 10 
Fig. 4. Distribution of activity in five corpuscles soaked for different times. Abscissa: root mean 
cube radius of sample as proportion of radius of whole corpuscle. Ordinate: activity as a 
percentage of the activity of the unsoaked undivided corpuscle. The times of soaking were as 
follows: @, 23 min 35 sec (142); x, 41 min 25 sec (219); A, 74 min 15 sec (243); A, 56 min 
35 sec (255); O, 90 min 45 sec (420). The bracketed figure is that of the standardized time 
(min) referred to in the text. 


time course of the concentration at a point where 7/a=0-2, the relative con- 
centration does not usually fall below 5% in under 5 hr. The central core of 
the corpuscle has an 7/a value of c. 0-06 and here the concentration may be 
expected to be higher at any given time. 

These experiments, therefore, show that at room temperature loss of Nat 
from a Pacinian corpuscle is very slow, too slow to be of use in the type of 


experiment mentioned in the introduction; furthermore, one experiment each © 
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Fig. 5. Loss of “Na from Pacinian corpuscles at different distances from the centre. Abscissa: 
standardized time (see text) in min. Ordinate: activity as a percentag eof the activity of the 
unsoaked undivided corpuscle (log. scale). Each graph represents a different value of radius 
as a proportion of the outside radius: a, 0-75; b, 0-5; c, 0-3; d, 0-2. The different symbols 
indicate experiments on different days. 
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with Br and K* show that these ions move at a rate of the same order of 
magnitude as Na*. It seems probable, from the structure of the Pacinian 
corpuscle, that movements of ions such as those described in this paper are due 
to diffusion. Such information in this paper as is relevant supports this view; 
the rate of loss of “Na is independent of whether the corpuscle is soaked in a 


solution of NaCl or choline chloride; in the one experiment, the rate of loss of 


Br was of the same order of magnitude as the rate of loss of “Na and also as 
the rate of uptake of 4K in the one successful experiment with this ion. If this 
is a process of diffusion through fibrous tissue lamellae the temperature coeffi- 
cient is not likely to be high; but experiments have been done only at room 
temperature, the temperature so far used in experiments on receptor potentials. 


100 
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Fig. 6. Comparison of the rate of loss of “Na from a single Pacinian corpuscle @—®@ with the rate 
of loss expected from a homogeneous sphere placed in a large volume of an inactive solution 
(full line). Abscissa: standardized time (see text), min. Ordinate: activity as a percentage 
of the initial activity (log. scale). 

If the process is one of diffusion the experimental results might be expected 
to fit a suitably derived equation. The diffusion in an homogeneous sphere 

placed in a volume of solution of zero concentration of the ion in question is a 


_ ease which has been solved. The Pacinian corpuscle is a spheroid and not a 


sphere, but it is composed of concentric lamellae and it is probable that the 
permeability of the lamellae is very low compared with the fluid between; an 
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ion at the centre would have to pass through the same number of lamellae — 


whatever hemi-axis it moved along to reach the outside and it would therefore 


seem reasonable to consider the body as a sphere. The assumption of homo- 
geneity implies that each barrier should have the same permeability, that the 
number of barriers should be large enough to justify regarding the system as 
continuous, and that the spacing between the barriers should be uniform. The 
first condition may be true but there is no evidence for it; the number of 
barriers, about 60 (Stéhr, 1928), should be sufficient for the system to behave 
continuously; the third condition is clearly not fulfilled as the lamellae are 
much farther apart in the periphery and more dense in the centre. The relation 
describing the behaviour of the homogeneous sphere has been given, with its 
solutions for heat transfer by Carslaw & Jaeger (1947, p. 206). The curve relating 
relative activity to time derived from their equation is shown in Fig. 6, 
together with a series of experimental points through which a smooth curve 
has been drawn. To scale the experimental points, one constant had to be 
calculated from the data and the abscissa altered by multiplying the time by 
this factor. It is clear that the two curves are different, though there are 
certain general similarities. Also the experimental results do not fit the family 
of curves which define the spatial distribution of concentration for different 
times in a homogeneous sphere, though these curves are similar in general 
shape to the experimental results illustrated in Fig. 4. All the discrepancies 
between the results and the relation for a homogeneous sphere are in the 
direction that would be expected when the outer lamellae are much farther 
apart than the inner. It is possible that a similar relation modified to include 
permeability as a function of radius might describe the situation; there is no 
evidence from these experiments to suggest that the system is not a symmetrical 
and effectively continuous one. The rate of diffusion in a longitudinal direction 
around the axon might be different from that in other parts of a corpuscle, but 
the experiments described are not accurate enough to detect the sort of dis- 
crepancies that would be expected in an experiment such as that shown in 
Fig. 4. 
SUMMARY 

1, Radioactive tracer ions have been used to follow the time course of loss 
and uptake of ions in Pacinian corpuscles of the cat. Also the relative con- 
centrations of active material at different distances from the centre of corpuscles 
at different times have been measured. The experiments were done at room 
temperature. 

2. lonic exchange is slow. It is estimated that the concentration of 24Na 
at 0-2 of a radius from the centre will not usually fall to 5% in under 5 hr. The 
concentration in the central core which has a radius of 0-06 of the outside 
radius is expected to be higher. 

3. The results are discussed in terms of a physical model. 
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ACTION POTENTIALS OF THE PYRAMIDAL NEURONES IN 
THE HIPPOCAMPUS OF THE RABBIT 


By B. G. CRAGG anp L. H. HAMLYN 
From the Department of Anatomy, University College London 


(Received 22 March 1955) 


The hippocampus is a most favourable structure for an investigation of the 
action potentials of neurones by extracellular recording. The cell bodies of the 
pyramidal neurones are confined to a single dense band, while the long parallel 
dendritic shafts form a palisade on one side of the cell bodies, and the basal 
dendrites and axons border the other side. It is possible to stimulate axons 
afferent to these neurones at known depths and to record the summed electrical 
responses of the dendrites or the cell bodies separately. The correlation between 
structure and response can be made more certain and more detailed than in a 
less sharply differentiated tissue. 

The responses to be described in this paper were recorded from the pyramidal 
neurones in area CA, of Lorente de Né (1934). Afferent axons were stimulated 


electrically at various levels within the band of pyramidal neurones but 1 mm 
away from the recording electrode, and also at the level of the subjacent. 


dentate gyrus and area CA,. Both repetitive and single stimuli have been 
applied, and at each level of recording the stimulus voltage has been switched 
over a preset range. Rabbits with transected brainstems have been used, and 
the effects of anaesthetics and asphyxia on the responses have been determined. 
The depths of the various parts of the pyramidal neurones have been measured 
in histological preparations. The records obtained have been analysed by 
means of graphs in which the time between the stimulus artifact and a 


deflexion was plotted against depth, and also by comparison with the histo- 
logical measurements. 


METHODS 


The steel electrodes and the electronic apparatus were substantially the same as those described 
by Cragg (1954). Negative stimulus pulses of 0-2 msec duration were delivered by a steel needle 
with an insulated shaft of diameter 20 and a bare tip. The stimulus voltage was controlled by a 
variable potentiometer and a switched attenuator in series. The former was adjusted so that on 
the lowest setting of the latter the stimulus just elicited a response. The other positions on the 
switched attenuator then gave known multiples of the threshold stimulus. 
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Recordings have been made from a unipolar needle electrode using an earthed connexion to the 
animal’s neck as the indifferent electrode, and also from radial pairs of electrodes. The electrodes 
of a radial pair had a separation of 200p (see Cragg, Evans & Hamlyn, 1954) and were connected 
to deflect the trace upwards in the photograph when the distal electrode became negative to the 
proximal. Simultaneous unipolar recordings from the efferent axons and from the apical dendrites 
have been made by using two channels of amplification and a radial pair of needles with a separa- 
tion of 5004 in which each needle was connected in the same way as the unipolar electrodes 
described above. 

The rabbits were anaesthetized with pentobarbitone (Nembutal) and ether. The trachea was 
cannulated and the head held in an adaptation of the Horsley-Clarke machine. The blood vessels 
of the dorsal cortex were coagulated with diathermy and the hippocampus exposed by sucking 
away the cortex overlying the lateral ventricles. The brainstem was then transected. After re- 
flexion from the periosteum the skin of the scalp was sewn on either side to fixed metal strips. The 
skin flaps then formed the walls of a bath which was filled with liquid paraffin at 37° C to cover 
the exposed brain. 

The staining methods used were Nissl, Golgi-Cox and Bielschowsky—Gros silver, the material 
being removed from the living animal under pentobarbitone anaesthesia. For the Nissl prepara- 
tions the specimens were fixed in alcoholic Bouin’s solution, double embedded in collodion-paraffin 
and sections cut at 5y thickness. These were stained with polychrome methylene blue (Borrel’s 
Blue). The modification of the Golgi-Cox method used was that described by Sholl (1953). 
Specimens were fixed for 7 weeks, embedded in collodion and sectioned at 100u thickness. For the 
Bielschowsky—Gros silver staining, the material was fixed in 10% neutral formol saline for 2 weeks. 
or more and frozen sections cut at l5yu. Slight modification of the method was necessary for 
satisfactory results in the hippocampus. 

In order to correlate the observed depth of the different parts of the pyramidal neurones with 
the electrical records, measurements were made on specimens in which the electrodes had been 
left in situ at the conclusion of the experiment, After fixation these specimens were dehydrated 
(three changes of absolute alcohol, the last having been dried over anhydrous copper sulphate) 
and then cleared in a mixture of chloroform and carbon disulphide in equal proportions. This 
rendered the material transparent so that the whole length of the electrodes could be seen. 
Macroscopic sections 1 mm thick were cut so as to include the electrodes, and mounted in Canada 
Balsam after a quick rinse in benzole, The required depths from the ependymal surface could then 
be measured along the electrode shaft. 

The density of the neuronal perikarya in the pyramidal layer of the hippocampus was eilihebea 
by counting the perikarya in five random fields of 53,000y° each and taking the mean. It was 
noted that the neuronal density shown by the five counts was very constant. Nissl stained material 
was used for this. 

Measurements of the diameters of the perikarya and dendrites were carried out by means of an 
eyepiece micrometer. The perikarya and bases of the apical dendrites were measured on Nissl 
stained material, but for the basal dendrites and branches of the apical dendrites oe 
stained specimens were used. 

The depths from the ependymal surface of the various parts of the pyramidal neurones were 
measured in Nissl, silver and Golgi-Cox stained material. In addition, similar measurements were 
made along the electrode shafts by means of the method already described. 


RESULTS 

Histology 

The pyramidal neurones of the hippocampus 
These neurones are found in the part of the hippocampus known as the 
Ammon’s horn. The latter has been divided into regions by Lorente de Né 
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(1934) and his classification will be used in the present work. In order to avoid | 
complication, the classical terminology of the layers of the hippocampus will 
not be used. In all illustrations the ependymal surface of the hippocampus is 
at the top, whereas the extremities of the apical dendrites are at the bottom 
(Pl. 1). This enables all structures or electrical records to be referred to their 
relative position on a vertical axis passing through the ependyma at right 
angles. 

Detailed accounts of the morphology of the pyramidal neurones have been 
given by Ramon y Cajal (1911) and Lorente de N6é (1934). The present descrip- 
tion adds little to that given by these authors, but approximate measurements 
are given for some of the neuronal components. 

Immediately below the ependymal surface of the hippocampus (Pl. 1a) is a 
layer of tangentially directed fibres, the alveus. This layer is partly composed 
of the outgoing axons of the pyramidal neurones and partly of afferent fibres. 
It varies from 100 to 200y in depth. 

Below this layer is a zone of 200-300 in extent containing the basal 


dendritic bushes of the pyramidal neurones (Pl. 1b). These basal dendrites 


arise directly from the perikaryon and spread out towards the alveus, branching 
profusely. The diameter of the basal dendrites and branches as seen in Golgi- 
Cox preparations varies from 0-5 to lp. 

The perikarya of the neurones are fusiform or ovoid in shape and show little 
variation in size, their dimensions being 20u (+3) by 10u (+2). They are 
closely packed, forming a dense band parallel to the ependymal surface, the 
vertical extent of which varies from 70 to 100u, usually being about 80, 
(Pl. 1c). The average density of the perikarya is 1060 in a volume of 10’. 

The shafts of the apical dendrites do not branch immediately (Pl. 1d) and 
are closely packed in a region extending immediately below the perikarya for 
about 2504. Beyond that level branching becomes profuse and the limit of the 
apical dendritic tree is found about 600-700 below the lower limit of the 
perikaryal layer. 

The diameters of the apical dendritic shafts were cue in Golgi-Cox 
preparations. The main shaft tapers from 4 near the origin to 3y just above 
the first branching point. The branches vary from 2, in diameter to 0-5. near 
their termination. 

The pyramidal neurones of the hippocampus receive afferent axons at all 
levels of the apical dendrites, perikarya and basal dendrites (Lorente de No, 
1934). The afferents forming synapses with the apical dendrites run horizontally. 
Near the bases of the apical dendrites are the axons of the dentate-ammonic 
pathway, in the middle region of the dendritic shafts are the collateral axons 
of Schaffer (Ramén y Cajal, 1911), while at the extremities are the axons 


5 gl via the perforant pathway (Ramon y Cajal, 1911; Lorente de No, 
1934) 


4 
> 


 deflexions. The recordings from radial electrodes in Figs. 1 and 2 form a series 


ACTION POTENTIALS IN HIPPOCAMPUS 611 
Electrical recordings 
Stimulation in the Ammon’s horn 

The afferent axons running horizontally among the apical dendrites were 
stimulated directly with a steel needle the tip of which was 0-6~1-0 mm below 
the ependyma. It will be shown below that the recording changes considerably 
on moving the stimulating needle only 0-1 mm in depth, indicating that this 
form of stimulation is only effective within a sphere of radius 0-1 mm which 
contains the tip of the stimulating needle. The recording electrode or radial 
pair of electrodes was parallel to the stimulating needle and about 1 mm away. 
The neurones immediately surrounding the recording electrode were not there- | 
fore being stimulated directly by current spread from the stimulating needle, 
but were, according to our interpretation, stimulated synaptically by afferent 
axons passing within 0-1 mm of the tip of the stimulating needle. The response 
of shortest latency was always recorded at a depth within 0-1 mm of the depth 
of the stimulating needle, showing that many of the afferent axons were 
effectively horizontal in the short distance between the stimulating and 
recording electrodes. 
Examples of the records obtained by screwing down the recording electrode | 

are shown in Figs. 1-3, together with graphs of the latency of the main 


HE 


in which the spike in the response becomes successively more prominent as the 
stimulus amplitude is increased. In the unipolar recordings of Fig. 3, the 
larger stimulus applied in the second column elicits a spike not seen in the 
first column but present in Fig. 2. The latencies plotted in the graphs show the 
propagation of the response from the level of stimulation. 

The components present in these responses are a wave of 15 msec duration 
and one or more spikes, each lasting 2-3 msec. The responses obtained with a 
weak stimulus in the first column of Fig. 1 contain no spike but the waves 
follow the same pattern as in the other columns. Each of the columns of 
records can be divided into three parts according to the polarity and amplitude 
of these components. The upper part has one or more upward spikes super- 
imposed on a downward wave of small amplitude. The middle part has up- 
ward spikes on an upward wave and the spikes become less prominent and the 
wave more prominent with increasing depth. In the lower part the spike and 
the wave become reversed and attenuated in the radial recordings of Figs. 1 
and 2, while in the unipolar recordings of Fig. 3 the spike is triphasic and the 
wave upward but of declining amplitude. The boundary between the middle 
and upper division of the columns of records corresponds in depth with 
the upper limit of the band of cell bodies. The boundary between the 
middle and lower divisions is at the depth of stimulation where the latency is 
least. | 
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The response of the pyramidal neurones to the synaptic stimulation of their 
apical dendrites is thus a negative wave of 15 msec duration ascending over the 
dendritic shafts from the level of stimulation to the band of cell bodies, and 
descending from the level of stimulation to the ends of the dendritic ramifica- 
tions: In the region of the basal dendrites and axons above the cell bodies the 
wave is recorded with positive polarity, as would be expected when the upward 
spreading negative wave terminates towards the ends of the basal dendrites. 


Threshold 


_ Latency (msec) 


0-9 


Fig. 1. The response recorded with a radial pair of electrodes at the various depths indicated to 
stimulation of afferent axons at the level of the apical dendrites 0-75 mm below the ependyma. 


The graph shows the latencies in the right-hand column of records. Spike velocity is 
0-4 m/sec. | 


When the wave of depolarization exceeds a critical amplitude it is accompanied 
by one or more spikes, each of 2-3 msec duration, both as it ascends the apical 
dendritic shafts and as it descends to the terminal branches. One or more 
spikes are then seen among the basal dendrites and axons above the cell bodies. 
The amplitude of the spike is greatest just above the band of cell bodies; 
above this level it decreases as the axons fan out into the alveus; below among 
the apical dendrites it is no larger than the wave of depolarization. It is not 
yet known whether the smaller amplitude of the spike among the dendrites is 
due to the smaller diameter and smaller surface area, per unit volume of 
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hippocampus, of the apical dendrite shafts compared with the cell bodies, or to 
a smaller proportion of dendrites than of cell bodies carrying spikes, or to an’ 
inherent difference between dendritic and cell body surfaces. Comparing any 
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Fig. 2. The response recorded with a radial pair of electrodes at the various depths indicated to 
stimulation of afferent axons at the level of the apical dendrites 0-95 mm below the ependyma. 
Velocity of first spike is 0-4 m/sec, second spike 0-16 m/sec, 


of these recordings with the intracellular recordings of Brock, Coombs & Eccles 
(1952) the spikes are much more attenuated than the waves. This could be 
due to the lack of synchrony in multicellular recordings, or to a small pro- 
portion only of the neurones reaching the spike threshold, or to a greater 
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Threshold 1-6X threshold 


Latency (msec) 


0-4 


Fig. 3. The superimposed responses recorded with a unipolar electrode to repetitive stimulation 
of axons at the level of the apical dendrites 0-6 mm beneath the ependyma. Pulse repetition 
frequency is 5/sec. The graph shows the latencies in the second column of records. Velocity 

of first spike is 0-35 m/sec above the level of stimulation, 0-3 m/sec below. 
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attenuation of the spike during extracellular current flow in a tissue con- 
taining a large area of neuronal membrane with a longer time constant than 
the spike. The amplitude of the potentials recorded in the Ammon’s horn is 
greater than is usual in the central nervous system owing to the close packing 
and regular arrangement of the pyramidal neurones. 

| Threshold 


% 


16X threshold 


Latency (msec) 
10 11 121314 15 16 17 18 


0 


01 


02 02+ 


03 


(mm) 

Fig. 4. The response recorded with a unipolar electrode to stimulation in area CA,. Stimulus 
frequency 5/sec. The latencies in the second column of records are plotted and show an 
average velocity for the first spike between 0-2 and 1-1 mm of 0-53 m/sec, and for the second 
spike 0-36 m/sec. 


Stimulation in the dentate gyrus and area CA, 


Neurones in the dentate gyrus and area CA, subjacent to the pyramidal 


neurones and 2 mm beneath the ependyma were stimulated directly with the 
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technique described above. The apical dendrites of the pyramidal neurones in 
the area of recording (CA,) are in synaptic connexion with some of the efferent 
axons (Schaffer’s collaterals) from the neurones stimulated in area CA,. The 
response of the pyramidal neurones to this form of synaptic stimulation is 


Latency (msec) 
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Fig. 5. The response recorded with a unipolar electrode to stimulation in area CA,. The latency 


of the spike in the left-hand column is plotted and shows an average velocity of 0-33 m/sec 
between 0-1 and 1-1 mm. 


illustrated in Figs. 4 and 5. The plotted latencies of the main deflexions in 
these figures show a band of constant latency at the bottom of the apical 
dendrites, where the afferent connexions are made and an increasing latency 
above this band, as the action potentials spread up the shafts of the apical 
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dendrites. A depth survey at a single stimulus strength, made immediately 
nt before the recordings in Fig. 5, is reproduced in Pl. 2, together with photo- 
he micrographs of histological preparations to show the close correlation scene 
the structure and the response. 

| The wide range of stimulus strengths in Fig. 5 again illustrates the constancy 
of the wave pattern whether or not spikes occur; the wave recorded in the 
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Fig. 6. The response recorded with a unipolar electrode to stimulation in the cingulate gyrus. 
Stimulus frequency 2-5/sec. The spike has an average downward velocity of 0-29 m/sec 
between 0 and 0-7 mm, and the beginning of the wave an average velocity of 0-55 m/sec 
upwards between 0-5 and 0 mm. 
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region of the dendritic shafts is not much larger after a strong stimulus than 
after a threshold stimulus. At the level of the cell bodies and above however, 
the strong stimulus evokes a spike and the threshold stimulus does not. The 
initial positive phase of the triphasic spike in Fig. 3 below the level of stimula- 
tion is absent in Figs. 4 and 5. Here the spike is ascending the dendritic shafts 
and the initial deflexion is everywhere negative, whereas in Fig. 3, a spike was 
also sent down from the level of stimulation towards the ends of the dendritic 
ramifications. 

In none of the repetitive recordings of Figs. 3 and 4 is there any sign of a 
change in the response as the stimulus is applied repeatedly. When, however, — 
axons afferent to the hippocampus are stimulated in the cingulate gyrus a 
marked facilitation of the response is seen on repeating the stimulus. This 


. effect is shown by the recordings of Fig. 6 in which the amplitude of the spike 


seen above the cell bodies at 0-5 mm is increased twofold on repeating the 
stimulus 6 or 7 times. The wave in these unipolar recordings is of positive 
polarity and appears to be spreading upwards, while the spike is spreading 
downwards. It is uncertain where the afferent axons stimulated by this 


technique end upon the pyramidal neurones. The latter are known to receive 


afferent connexions at all levels on their apical and basal dendrites, and 


it may be that these responses are due to active synapses at more than one 
depth. 


Stimulation at the level of the basal dendrites 


With the tip of the stimulating needle 0-3 mm beneath the ependyma, axons 
forming synapses with the basal dendrites of the pyramidal neurones were 
activated and the records of Fig. 7 obtained. The unipolar recording electrode 
was parallel to the stimulating electrode and about 1 mm away. The wave 
accompanying the spikes in the response is positive above the level of the cell 
bodies and negative below. The main component of each spike is negative 
above the cell bodies. At 0-5 mm and below the spike is triphasic with an 
initial positive phase. The central negative phase decreases in amplitude 
between 0:5 and 0-9 mm to a negligible value. The initial positive phase, how- 
ever, persists down to 1-3 mm. This result would be consistent with a failure 
to conduct impulses in an increasing proportion of dendrites as the terminal 
ramifications are approached. 

Only above the band of cell bodies is there a small facilitation of the first 
spike on repeating the stimulus and a marked facilitation of the second and 
third spikes. In summary, the pyramidal neurones respond to stimulation of 
their basal dendrites, and the wave forms are almost identical with those 
produced by stimulation of the apical dendrites apart from the different 
direction of propagation and the facilitation from repeated stimulation. 
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X threshold 


Latency (msec) 


a b 


Fig. 7. The response to stimulation of afferent axons at the level of the basal dendrites 0-3 mm 
beneath the ependyma. Unipolar electrode. Stimulus frequency 5/sec. The latencies of the 
spikes in the second column are plotted and show a downward propagation at 0-44 m/sec 
between 0-3 and 1-0 mm. 
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Stimulation at successive depths 


Recordings have been made of the response of the pyramidal neurones at a 
fixed depth as the stimulating electrode was screwed down from the ependyma 
to the dentate gyrus on a track parallel to the recording electrode and about 
1 mm away. Fig. 8 contains unipolar recordings from an electrode among the 
basal dendrites and axons 0-3 mm beneath the ependyma. The stimulus is 


ency (msec) 


10 11 12 13 14 15 16 17 


(mm) (mm) 


Fig. 8. Unipolar recordings from a fixed electrode among the basal dendrites and axons 0-3 mm 


below the ependyma. The stimulating electrode was screwed down in the steps of 0-1 mm 
indicated. 


unable to evoke a response when applied to the alveus, but as the level of the 
cell bodies is approached first one spike and then two spikes appear. The 
stimulus remains effective when applied at the level of the apical dendritic 
shafts, but the response gradually fails at greater depths as the dendritic 
ramifications come to an end. Below this inexcitable region another train of 


responses of increased latency appears as the “geal electrode passes 
through neurones in the dentate gyrus and area one 
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The responses in Fig. 8 change at certain depths on moving the stimulating 
electrode only 0:1 mm. This is the evidence mentioned above that the stimulus 
isonly effective within a band 0-1 mm deep containing the stimulating electrode. 

‘When the stimulating electrode passes the recording electrode the latency of 
the response is least, and the unipolar recording changes in amplitude but not 
in polarity. The recordings shown in Fig. 9, however, were made with a radial 
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Fig. 9. Recordings from a fixed radial pair of electrodes with tips at 0-4 and 0-6 mm as the 
stimulating electrode was screwed down. Stimulus frequency is 2/sec. 


pair of electrodes at the level of the cell bodies (0-5 mm) and show a reversal 
of the response as the stimulating electrode passes the radial pair. When the 
_ stimulating electrode is above the radial pair the first dendrites to be depolarized 
ate nearer the proximal than the distal electrode of the pair, and a downward 
wave is recorded. Below the radial pair these conditions are reversed. In 
these records also there is a region of diminished excitability between 1-5 and 
1-6 mm (the latter is not shown in the figure) which is succeeded by a second 
train of responses of increased latency as the stimulating electrode enters the 
dentate gyrus. 

On moving the stimulating electrode from 1-4 to 1-5 mm and then to 1-6 mm 
beneath the ependyma in Fig. 9 there are two changes in the response showing 
that the stimulus is only effective close to the level of the electrode tip. 
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Throughout the remainder of the records in Fig. 9, however, there is little 
change in the response when the stimulating electrode is moved 0-1 mm com- 
pared with the changes seen in Fig. 8. The explanation of this result was noted 
above in connexion with Fig. 5. Strong and weak stimuli evoked very different 
responses above the cell bodies (the level of the recordings of Fig. 8), but 
similar responses in the region of the cell bodies and below (the level of the 
recordings in Fig. 9). There is an all-or-nothing response in the axons above 
the cell bodies, but a graded depolarization of the dendrites. 


Anaesthetics 


A pair of needle electrodes with a separation of 0-5 mm was arranged to 
give simultaneous unipolar recordings from the axons and basal dendrites at 
0-4 mm and from the apical dendrites at 0-9 mm when the neurones in the 
dentate gyrus and area CA, were stimulated. In Fig. 10 the top row of pairs 
of traces shows the normal response from each position of recording as 
described previously. A volatile anaesthetic was rapidly evaporated into the 
air entering the tracheal cannula from the pump while records were taken at 
intervals of 1 min. The evaporation began 4 min before the records in the 
second row and was complete in about 1 min. The maximum effect was 
obtained 23 min after the evaporation was started, and recovery was complete 
4 min later. In the central column the effect is shown of 1 min of asphyxia 
obtained by closing the air-supply to the tracheal cannula. The asphyxia was 
started 4 min before the photograph in the second row and the full effect is 
seen in the third row 4 min after the air-supply was resumed. The tesponse 
returned to normal 5 min after the full effect had been seen. The rapidity of 
the depression and recovery seen in these records is partly due to the fact that 
_ the stimulus amplitude was held constant. A stronger stimulus could have 
evoked a response during the depressed phases. 

The two columns of records relating to the anaesthetics are similar except 
that ether (3 ml.) abolished the axon spike sooner than chloroform (0-25 ml.). 
The central column, however, shows a period of enhanced axon response after 
} min of asphyxia followed by a sudden collapse occurring 1 min before the 
maximal effects were produced by the anaesthetics. During recovery from 
asphyxia the wave in the axon record is reversed and then shortened to a spike 
whose amplitude finally declines to normal. These effects produced by asphyxia 
may be due to the concomitant anoxia or to excess carbon dioxide and 
adrenaline, or to a combination of these factors, and further work is required 
to analyse the result. 

The effect of a slow inhalation of ether is shown in more detail in Fig. 11. 
These records were taken at 2 min intervals so that the ether was inhaled for 
22 min and a further 22 min was needed for recovery. The same method of 
stimulation was used as in Fig. 10, but the strong stimulus pulse was able to 
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Fig. 10. Simultaneous unipolar recordings from the apical dendrites at 0-9 mm (upper trace of 
each pair) and basal dendrites and axons at 0-4 mm (lower traces) during the application of 
anaesthetics and asphyxia. Ether (3 ml.) or chloroform (0-25 ml.) were evaporated in 1 min 
and asphyxia was applied for 1 min. Stimulation in area CA,. Stimulus frequency 2/sec. 
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elicit two spikes. The first spike has an amplitude of 6-5 mV which is larger 
than any shown in the previous recordings. The positive wave which is seen 
at this level in other recordings is almost absent in the first two traces of Fig. 11. 
The first effect of the ether is the appearance of this positive wave with only a 


Fig. 11. Unipolar records from an electrode among the axons and basal dendrites 0-4 mm beneath 


the ependyma taken at 2 min intervals during a slow inhalation of ether, and during the 
subsequent recovery. Stimulation in area CA,. 
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small change in the amplitudes of the spikes. The positive wave remains when 
the spikes have been abolished by the ether, as is to be expected if the positive 
wave is due to the termination in the basal dendrites of the upward spreading 
wave of depolarization. As has been already discussed, the dendrites have a 
graded and sensitive response even to weak stimulation and even after the 
administration of ether as in Fig. 11. The axons, on the other hand, have a 
definite threshold for a spike, which can only be attained by strong stimulation. 
This threshold is not reached after the administration of sufficient ether as in 
Fig. 11. 


DISCUSSION 


The wave of depolarization recorded at the level of the apical dendrites had a 
duration of about 15 msec. There does not appear to be much shortening of 
this wave at the level of the cell bodies. This does not, however, imply that 
these cell bodies have a time constant three or four times as long as the ventral 
horn cells studied by Brock e¢ al. (1952). There is no pure response of cell bodies. 


shown in Pl. 1c. Moreover, all our recordings are of the integrated response of 
many neurones with inevitably some asynchrony. The cell bodies could there- 
fore have any time constant between 3 and 15 msec and only intracellular 
recordings could determine the actual value. In the same way the duration of 
the spike in our recordings (2-3 msec) is not incompatible with the spike of 
1 msec duration found in single motoneurones. 

The recordings from below the cell-body layer clearly show that the apical 
dendrites are sensitive to weak stimulation. With strong stimulation the 
dendrites show a spike as well as the wave of depolarization. A spike is then 
seen at the level of the cell bodies and above among the axons. Our recordings 
do not indicate any difference between dendrites, cell bodies and axons with 
respect to spike threshold. When the strength of stimulation is gradually in- 
creased spikes appear at all levels as soon as the threshold is reached. The 
amplitude of the spike is, however, always smaller among the dendrites than 
among the axons for various possible reasons mentioned earlier. 

The velocity of propagation of the spike over the apical dendrites is 
0-3-0-5 m/sec and the diameter of the dendritic trunk is 3-4. The unmedul- 
lated fibres of less than 1. diameter in peripheral nerves may have comparable 
velocities. Brown & Pascoe (1952) found conduction velocities of 0-25 and 
0-43 m/sec in the ascending mesenteric nerve of rabbits at a subnormal 
temperature. If the spike duration were 3 msec as in some of our records the 
length of the active region on the apical dendrites would be 0-9-1-5 mm so that 
one end of the apical dendritic trunk would still be active as the spike reached 
the other end. It was noted above, however, that the spike duration in 
a single neurone may be only 1 msec. The active region would then be 
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0-3-0-5 mm long, or slightly less than the length of the dendritic trunk (0-6 mm). 
An action potential is propagated over the apical dendrites away from the cell 
body when the basal dendrites are stimulated as shown in Fig. 7. The velocity 
is about the same as in the reverse direction. 


SUMMARY 


1. The Ammon’s horn of the rabbit contains a single layer of pyramidal 
neurones orientated in a manner that allows electrical recording to be per- 
formed on the apical dendrites, cell bodies, basal dendrites and axons. The 
responses were evoked by stimulating horizontally running afferent axons at 
known depths. 

2. The depths and dimensions of the various parts of the neurones have 
been measured in material stained with the Nissl, Bielschowsky—Gros and 
Golgi-Cox methods. The depths measured in cleared specimens containing 
the electrodes correspond closely with recognizable changes in the electrical 
records (Pl. 2). re 

3. The electrical potentials and gradients have been measured at all depths 
in the layer of pyramidal neurones after single and repetitive stimulation of 
axons forming synapses with the apical or the basal dendrites. 

4. The latencies of the main deflexions have been plotted and show the 
propagation of an action potential which may include one or more spikes over 
the apical dendrites in both directions away from the level of stimulation at a 
velocity of 0-3-0-5 m/sec. ; | 

5. By applying a preset range of stimulus strengths at each depth of re- 
cording the dendrites have been shown to be partially depolarized by weak 
stimulation. The axons gave no recordings until the spike threshold was 
reached by strong stimulation. 

6. The effect of volatile anaesthetics on recordings from apical dendrites 


and from axons has been found to be different from the effect of asphyxia. 
Both conditions were reversible. 
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EXPLANATION OF PLATES 
PLATE | 
Golgi-Cox preparation showing the structure of the pyramidal neurones. From above downwards 
are seen the alveus (a), the basal dendrite bushes (b), the cell bodies (c), and finally the apical 


dendrites (d). 
PLaTE 2 


This illustrates the correlation between the histological structures at different depths and the 
electrical responses to the stimulation in area CA, of axons forming synapses with the apical 
dendrites. (a) Bielschowsky-Gros preparation showing from above downwards the region of 
the basal dendrites and outgoing axons, the cell-body layer and the region of the apical 
dendrites. (b) The responses recorded with a unipolar electrode at the appropriate depths 
after stimulation of afferents from area CA,. (c) Nissl preparation showing the dense packing 
of the cell bodies. : 
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THE RESPONSE OF PUPPIES TO A LARGE DOSE OF WATER 


By R. A. McCANCE anp ELSIE M. WIDDOWSON 


From the Medical Research Council Department of Experimental Medicine, 
University of Cambridge 


(Received 29 March 1955) 


The capacity of puppies, 2 days old, to produce and sustain a diuresis in 
response to a dose of water was first investigated by Adolph (1943), and since 
that time little work has been done on the subject, although Dicker (1952) 
studied the diuresis brought about by the introduction of hypertonic solutions 
of osmotically active solutes into the puppy’s circulation. Some work on 


human infants was carried out about 1920 (Aschenheim, 1919; Lasch, 1923), 


and since 1943 experiments have been made on the newborn rat (McCance & 
Wilkinson, 1947; Heller, 1947, 1951), the guinea-pig (Dicker & Heller, 1951; 
Heller, 1951) and the human infant (Barnett, Vesterdal, McNamara & Lauson, 
1952; Ames, 1953; McCance, Naylor & Widdowson, 1954). The results of these 
investigations may be summarized by saying that no newborn animal has yet 
been found to excrete water so rapidly and completely as the corresponding 
adult, but that there are considerable differences between the newborn of one 
species and another in (1) the ability to produce a high rate of urine flow, 
(2) the dilution achieved at the peak of the flow, (3) the percentage of the test 
dose excreted within the time of observation, (4) the rate of maturation of 
these functions. Speaking generally, the rat has been found to be the least 
developed at birth and to mature slowly, whereas the guinea-pig and man are 
further advanced at birth, and certainly the human infant may respond as an 
adult does within a few weeks of birth (Ames, 1953). This period of time is 
a much smaller fraction of the total life span than that required by the new- 
born rat to reach the same degree of maturity. The subject has been discussed 
by McCance e¢ al. (1954) and the experiments now to be described were under- 
taken to find out more about the response of puppies to large doses of water 
and to compare them in this respect with the young of other species. 


MATERIAL AND METHODS | 
The experiments were made on four pure bred bull terrier bitches and on five of their litters. The 
puppies were studied when they were 48 hr old, or as near it as the time of their birth and the 
working day allowed. In all, sixteen puppies were used, and three of the bitches were studied 
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twice. The dogs had been without food or water for about 16 hr before the experiments began, the 
puppies for about 2hr. The dose of water was 5% of the body weight, or about 6% of the body 
water, and was given by stomach tube. The urine was collected at 15 min intervals from the dogs, 
but only at hourly intervals from the puppies. The puppies were lodged in separate compartments 
of a basket, and were kept comfortably warm by varying their distance from a source of radiant 
heat. Urine was obtained from them by stroking the perineal region with the edge of the small 
tube in which the urine was collected. The dogs had been trained to lie quietly on a table for long 
“periods with a catheter in the bladder, and their urine was allowed to drip into a measuring 
cylinder. All urines were preserved under toluol. Losses by the skin and lungs were calculated from 
the weights of the puppies at the beginning and end of the experiments, the weights of water ad- 
ministered and the weights of the urines excreted. Blood was collected at the end of the experi- 
ment from a subcutaneous branch of the saphenous vein in the dogs, and by cardiac puncture 
from the puppies. 

Urea was determined by Lee & Widdowson’s (1937) method and total osmolar concentration 
was calculated from the depression of freezing-point measured in the apparatus described by 
Hervey (1955). Other chemical and physical methods were the same as those used and described 
by Cort & McCance (1954). 


RESULTS 


The curve in Fig. 1 was obtained by averaging the rates of urine flow 
(ml./kg/hr) obtained in the seven experiments on the four bitches over 
succeeding 15 min periods. It shows that the rate of urine formation was most 
rapid about 1 hr after the water had been given. A somewhat different picture 
was obtained when the hourly rates of flow were computed for comparison 
with those of the puppies. When this was done the second hour appeared to 
witness the highest rate of flow. The results for dogs and puppies are given in 
Fig. 2. The puppies raised their rate of urine flow less rapidly and to a smaller 
extent than the dogs, but they maintained it longer so that in the fourth hour 
they were still excreting urine at the rate of 6-4 ml./kg body weight/hr, whereas 
the dogs at that time had reduced their rate to 4-2 ml./kg/hr. It is improbable 
that this difference in the rate of excretion was due to a difference in the rate 
of absorption (Adolph, 1943; Heller, 1951). 

These average results cover up individual differences, which in puppies may 
be considerable even within the confines of a single litter. Fig. 3 shows the 
individual responses of three litter-mates. Puppy D1 had its highest rate of 
urine flow in the second hour, puppy D2 during the third hour, and puppy 
D4 excreted more and more with each succeeding hour of the experiment. As 
a matter of fact this last was an exceptional response and only occurred in two 
out of the sixteen puppies that were investigated. Apart from these rather 
unusual results, however, Adolph (1943) appears to have been quite correct in 
stating that in puppies the diuresis after the administration of water continued 
at a slow rate for a considerable time after the more rapid early flow had 
subsided. In this respect, therefore, puppies may differ from young guinea- 
pigs (Heller, 1951) and human infants (McCance e al. 1954), in whom 
the rate of flow may completely subside before all the water has been 
excreted. 
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Fig. 1, Average urine volumes of dogs over succeeding 15 min periods. 
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Fig. 2 Average urine volumes of dogs and puppies over hourly periods. 
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Fig. 3. Urine volumes of three puppies from one litter. 
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Hours after giving water 
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Fig. 4. Percentage of the administered water excreted by dogs and puppies. 


631 
j 
> 
“ 


632 R. A. McCANCE AND ELSIE M. WIDDOWSON 


Fig. 4 shows the percentage of the administered water excreted by the end 
of each hour by the dogs and puppies. The curves for the first 3 hr are similar 
to those given by Dicker & Heller (1951) for guinea-pigs, and differ only in 
that the curve for the puppies does not flatten out in the fourth hour. McCance 
et al. (1954), however, found that human infants aged 6-18 days might excrete 
quite as large a percentage of the administered water as adults within the first 
2 hr although they subsequently excreted much less and never the whole of 
it within 4 hr. | | 

TaBLe 1. Puppies’ water losses by the skin and lungs 


Weight (g) Water lost by 

c 4, + Water given Urine excreted skin and lungs 
Puppy no Initial Final Sec (g) (g) 
Bl 365 366 19 13-4 4-6 
B2 365 367 19 12-0 5-0 
B3 348 353 17 8-8 3-2 
B4 383 389 19 9-7 3:3 
Cl 270 270 13-5 9-3 4-2 
C2 227 229 11-4 5-3 4-1 
D1 380 381 19 12-9 a | 
D2 430 439 21-5 8:1 4-4 
D3 371 375 18-5 9-5 5-0 
D4 312 314 15-6 10-4 3:2 
Average 345 348 17:3 9-9 4-4 


“TaBLE 2. Average volume and composition of the urine 


at the height of the diuresis 

Puppies Dogs 
Volume (ml./kg/hr) 10-7 156 
Total osmolar concentration 156 78 

(m-osmole/1.) 

Urea (m-osmole/1.) 85-8 36-8 
Cl (m-equiv/1.) 12-2 3-3 
Na (m-equiv/1.) 5-8 2-6 
K (m-equiv/l.) 17-4 2-9 


Table 1 shows the amount of water lost by puppies through the skin and 
lungs during these experiments. If the losses by these channels are added to 
those in the urine the puppies eliminated in 4 hr 80% of the water ad- 
ministered to them. In this time the dogs excreted 85% of the water by the 


kidney alone and if the losses by their skin and lungs had been measured the ~ 


total output of water would probably have been found to be as great as the 
amount administered. | 
Table 2 gives information about the average volume of urine passed during 
the second hour after the water had been administered to the dogs, and about 
the volume during the hour of greatest urine flow in the puppies. The total 
osmolar concentration of these urines and the concentrations of some of the 
major urinary constituents are also given. There were important differences 
between the dogs and puppies, for the puppies were excreting volumes of 
urine smaller by about a third than the dogs, whereas the average osmolar 
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concentrations were twice as high, and the amounts of some of the osmolar 
constituents excreted/hr were considerably greater. In this respect. puppies 
would appear to differ from human infants aged 6-18 days, for these were 
found by McCance e¢ al. (1954) to excrete a urine at the height of a water 
diuresis containing no more sodium, chloride or nn than that of an 


adult correspondingly hydrated. 


Table 3 shows that the puppies ‘excretion of osmolar material was consider- 


_ably greater than that of the dogs at low as well as at high rates of urine flow. 


TaBLE 3, The rate of excretion of total osmolar material and its major 
constituents at low and high rates of urine flow 


Doss 
Urine flow (ml./kg/hr) 2-42 10-7 1-32 15-6 
Total osmolar material 1-27 1-67 0-58 1-22 
(m-osmole/kg/hr) 

Urea (m-osmole eh) 0-70 0-92 0-32 0-57 
Cl (m-equiv/kg 0-116 0-131 0-018 0-052 
Na 0-050 0-062 0-026 0-041 
K (m-equiv/kg/hr) 0-139 0-186 0-027 0-045 


The puppies tended to have higher concentrations of urea in their blood than 


the dogs (puppies average 31-2, range 18-0-41-6; dogs average 20-1, range 
14-3-33-3 mg/100 ml.) and this probably partly accounts for their higher rates 
of excretion of urea. Differences in serum concentration cannot, however, be 
held to account for the differences in excretion of Cl, Na and K. The puppies, 
therefore, had more concentrated urines at the height of the diuresis for two 
reasons (1) they were excreting more osmolar material, particularly K, per 


_ min than the dogs and (2) they were excreting less water. 


DISCUSSION 
The analysis of the dog’s renal response to water which has recently been 
carried out by Sellwood & Verney (1955) shows that the mechanism is a 
complicated one, involving far more than the antidiuretic hormone. Never- 
theless, the response of the adult kidney to a large dose of water can be 
regarded as having three characteristics (McCance et al. 1954). These are 
(1) a great increase in urine flow, (2) an extensive fall in the osmolar concen- 


~ tration of the urine, (3) the excretion within a few hours and before the flow of 
urine subsides of a volume which is roughly equal to that of the water ad- 


ministered. The present experiments on the dogs illustrate all three effects, 
although the total volume excreted was not so great as the amount ad- 
ministered. This is not unusual (Adolph, 1943). Puppies responded differently 
in all three respects, as the results have shown. Thus (1) they did not increase 
the rate of urine flow to the same extent. (2) The osmolar concentration of the 


puppies’ urine did not fall to such a low level as that of the dogs’. This was 
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partly because less water was excreted, but mainly because they had been 
excreting more osmolar material per kg per hr before the diuresis began, and 
continued to do so without much change after the water had been administered. 
(3) Puppies did not excrete so much of the water administered. 

The young rat does not increase its urine flow appreciably after the ingestion 
of water, and consequently there is no dilution of the osmolar material in it. 
The experiments which have been carried out, however (McCance & Wilkinson, 
1947), indicate that the newborn rat differs in other ways from the puppy 
aged 2 days because its rate of excretion of osmolar material per kg of body 
weight is only half that of the adult. 

The reasons why the very young animal excretes a standardized dose of 
water less rapidly and less completely than an adult has not been fully ex- 
plained. The glomerular filtration rate/unit of body water is often lower in the 
very young animal and this would help to account for a lower rate of excre- 
tion. Failure to excrete a standardized dose so rapidly might also be due to 
incomplete destruction of the circulating antidiuretic hormone after the 
absorption of water had inhibited further release. Heller (1951), however, has 
shown that the young rat is insensitive to the action of the hormone and 
other newborn animals seem to be relatively so. The problem can only be 
solved by further work. 

Broadly speaking, however, it would appear that the puppy’s renal response 
to a large dose of water is less mature at 2 days of age than that of the human 
infant 6-18 days old, and more mature than that of the young rat for the first 
2 weeks or more of its life. The puppy at 2 days may approximate in develop- 
ment most closely to the newborn guinea-pig, but its renal function seems to 
have certain characteristics which distinguish it. 


SUMMARY 


1. After being given 5% of their own weight of water, puppies differed 
from adult dogs in that: (i) Their rate of urine flow averaged only 10-7 ml./kg/hr 
during the hour of maximum flow: the rate in adult dogs was 15-6 ml./kg/hr. 
(ui) The osmolar concentration of the urine passed during the hour of greatest 
flow was higher than in dogs. This was partly due to the flow of urine being 
smaller, but also to the larger quantities of osmolar material excreted by 
the puppies whatever the rate of flow. (iii) A volume of urine corresponding 
to only 56% of the test dose was excreted within 4 hr, whereas adult dogs 
excreted 85°%. 

2. These findings suggest that, so far as the excretion of water is concerned, 
the renal function of the puppy at 2 days of age is further developed than that 


of the rat until the latter is at least 2 weeks old but less developed than that of 
the human infant aged 6-18 days. 
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THE SIZE AND FUNCTION OF THE SPLEEN IN 
YOUNG PUPPIES ; 


By R. A. McCANCE anp ELSIE M. WIDDOWSON 
From the Medical Research Council Department of Experimental Medicine, 
University of Cambridge 


(Received 20 April 1955) 


The spleen of the resting dog contains much blood which can be expelled into 
the general circulation by muscular contraction in the event of exercise, 
haemorrhage, CO poisoning or pregnancy (Barcroft, Harris, Orahovats & 
Weiss, 1925; Barcroft & Stephens, 1927, 1928). It functions, therefore, as a 
reservoir of blood for physiological or pathological emergencies. If the spleen 
is taken from an adult animal under an anaesthetic or immediately after death, 
most of the blood in it is expressed before or after removal and the weight of 
the viscus finally obtained is that of the contracted organ. The functions 
of the spleen do not seem hitherto to have been explored in puppies, but 
observations now described indicate that they differ from those which are 


demonstrable in fully grown animals. 


OBSERVATIONS AND RESULTS 
Size and behaviour 


The spleen at’ birth comprises about 0-2% of the weight of the body and it 
does not contract on removal. It increases rapidly in size relative to the weight 
of the body and by the 13th-17th day it is about 0-7 % of the body weight, and 
still does not show any sign of shrinking when it is removed (Table 1). The 
subsequent decrease in relative size of the spleen has not been followed in detail, 


TaBLE 1. The effect of age on the weight of the dog’s spleen 


Average weight of 
Number of spleen as % of body 
Age (days) observations weight 
Birth 9 (0-22 (+0-061)* 
2 6 0-33 
3-4 + 0-51 
6-10 5 0-58 
13-17 9 0:71 (40-211)* 
38 2 0-33 
Adult 3 0-22 


* Values in brackets represent standard deviations. 
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but it seems to be well under way by the 38th day. The figure obtained for the 
weight of the spleen in three adult dogs (0-22 %,) agrees very well with the figure 
given by Barcroft & Stephens (1927) for a dog which had been bled to death. 


Structure (see Plates 1 and 2) _ 
Trabeculae and capsule. In adult dogs the trabeculae in the contracted 


organ appear as stout bundles of smooth muscle and connective tissue, and the 


capsule also contains considerable amounts of functional smooth muscle. In 
newborn puppies the trabeculae are very poorly developed and are represented 
by a delicate and rather inconspicuous network of strands of spindle-shaped 
cells which lack the distinctive staining reactions of muscle. These cells are 
probably immature muscle fibres which may not yet have become contractile. 
The capsule of the spleen at birth also lacks mature muscle fibres. The trabe- 
culae are a little better developed by the 17th day than they are at birth but 
they resemble those of the newborn animal much more closely than they do 
those of the adult. : 
Red pulp. At birth this tissue is very rich in immature red cells; myeloid 


cells and megakaryocytes are also numerous, the latter being conspicuous — 


because of their large size. At the 17th day all these cells are quite as abundant 
as they are at birth, possibly even more so. In adult dogs the active formation 
of red cells is much less conspicuous, and may not be in evidence at all. 

White pulp. The malpighian bodies of the spleens of newborn puppies are very 
small compared with those found in the spleen in adult life, but by the 17th day 
these collections of lymphoid tissue are considerably larger and appear to be 
growing actively, for they contain many cells in mitosis. 


DISCUSSION 


It is evident from the observations just described that the spleen of the young 
puppy does not function as a reservoir of blood but as a blood-forming organ. 
Its comparatively large size at 2~3 weeks may be explained by the presence in 
it of many cells forming erythrocytes and actively developing lymphoid tissue 
as well. Before the 17th day the malpighian bodies were smaller and 
red pulp accounted for more of the size of the organ; after that date the 
nucleated red cells decreased, and although the malphigian bodies continued 
to grow, they did not counter-balance the reduction in haematopoietic cells. 
These observations on the formation of new red and white cells in the puppy’s 
spleen are in keeping with those of others who have studied the development 
of the organ in dogs and other animals (Hartmann, 1930). The formation of 
blood must go on rapidly both before and after birth to keep pace with the 
expansion of the blood volume which takes place at both times in rapidly 
growing animals like the dog and pig. The indications from the present work 
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are that in the puppy’s spleen the formation of red cells and granulocytes con- 
tinues to expand for some time after birth, and that only after this function 
subsides does the organ take over its adult role of acting as a reservoir of blood. 
The poor development of the trabeculae and capsule in the spleens of young 
puppies and the immaturity of the smooth muscle in them seem to be enough 
to explain the failure of sce organs to Conteees when they are — from — 

the body. 
SUMMARY 


1. In the first 17 days of life the spleen of the puppy enlarges from 0-2 to 
0:7% of the body weight. 

2. In contrast with the adult organ it does not contract on removal from 
the body. 


3. The enlargement is due to the development of blood-forming tissue and 
the failure to contract may be explained by the immature appearance of the 
smooth muscle in the trabeculae and capsule. 


The authors are very grateful to Drs J. H. Dean and A. M. Barrett for their co-operation over 
the histological aspects of this study. 
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EXPLANATION OF PLATES 
| 

Fig. 1. ‘ia of newborn puppy, x 85. Stained with haematoxylin and eosin. The inconspicuous 
aggregation of lymphocytes above the blood-vessel near the middle of the lower margin is a 
malpighian body. Trabeculae are represented only by delicate strands of connective tissue. 
Megakaryocytes are just visible as large black dots. 

Fig. 2. Spleen of puppy 17 days old, x85. Stained with haematoxylin and eosin, The single 
malphighian body included in this field is unmistakable. Trabeculae and megakaryocytes are 
much as in the newborn puppy (Fig. 1). 


2 


Spleen of adult dog, x85. Stained with haematoxlyin and eosin. Malpighian bodies are larger 


than in puppies, and well-developed trabeculae are present especially in right lower corner. 
No megakaryocytes are visible. 
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REVERSAL OF ELECTROLYTE CHANGES IN STORED RED 
CELLS AFTER TRANSFUSION 


By HAL CRAWFORD anp P. L. MOLLISON 


From the Medical Research Council’s Blood Transfusion Research Unit, 
Postgraduate Medical School, Ducane Road, London, W.12 — 


(Received 10 May 1955) 


When red cells are stored at — 20° C in a medium consisting solely of trisodium 
citrate (39%, w/v) and glycerol (final concentration after mixture with red 
cells, 30°% w/v), they lose almost all of their potassium after a period of 
2-3 months; this loss is only partially offset by a gain in sodium so that there 
is a net reduction in base content and the cells shrink to about 75% of their 
original volume (Chaplin, Crawford, Cutbush & Mollison, 1954). Red cells 
stored in this solution survive poorly after transfusion, but if the medium is 
slightly altered, by replacing part of the citrate by inorganic phosphates (pH 7) 
viability is well maintained for at least 3 months (Chaplin et al. 1954). 
In the citrate-phosphate mixture originally described, potassium salts were 
used and the cells showed a far smaller loss of potassium than did the cells 
stored in the sodium citrate-glycerol mixture. However, it was subsequently 
found that if sodium citrate and sodium phosphate were used, the loss of 
potassium was almost as great as when sodium citrate alone was used, although 
viability was well maintained for at least 3 months, as in the potassium 
citrate-potassium phosphate solution (Crawford, Cutbush & Mollison, un- 
published observations). | | 
It seemed that red cells stored for periods of approximately 3 months in a 
sodium citrate-sodium phosphate-glycerol solution would lend themselves well 
to a study of the reversal of electrolyte changes after transfusion, since they 
showed very considerable changes in electrolyte composition after storage and 
yet were able to survive well in vivo. Accordingly, a technique was devised 
for extracting relatively large volumes (1-2 ml.) of transfused red cells from 
samples of the recipient’s blood after transfusion. A study of the electrolyte 
changes in such red cells was undertaken after preliminary observations had 
shown that the osmotic fragility of the transfused cells was only slowly 
restored to normal after transfusion. 
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METHODS 
Storage and transfusion of red cells 
Red cells of group O were obtained from blood collected by the National Transfusion Service. 
(As usual, 420 ml. of blood was mixed with 120 ml. of a solution containing 2 g disodium citrate 
and 3 g dextrose). The blood was stored at +4° C for 24 or 48 hr. The red cells were then packed 
by centrifugation and almost all the supernatant plasma-citrate solution was removed. The bottles 
then contained about 230 ml. of packed red cells, including about 20 ml. of plasma-citrate. To this 
concentrated suspension was added an equal volume of one of the following mixtures: 


Case 1 Glycerol 5-6 M 
Tripotassium citrate 0-1 M 

Case 2 Glycerol 5-6 M 
Tripotassium citrate 0-06 M 


Potassium dihydrogen phosphate 0-02 M 
Dipotassium hydrogen phosphate 0-02 m 


Cases 3 and 4 Glycerol 5-6 M 
Trisodium citrate 0-06 M 
Sodium dihydrogen phosphate 0-02 M 
Disodium hydrogen phosphate 0-02 m 


The final glycerol concentration, after allowing for diffusion into the red cells, was calculated 
to be approximately 3-3 m. 

The red cells were stored at - 20° C for 3 months in cases 1, 2 and 4, and for'5 weeks in case 3. 
They were then thawed and washed free from glycerol as previously described (Chaplin et al. 1954). 
In cases 1 and 2, in which only the changes in osmotic fragility were studied, the red cells from 
only one bottle were transfused in each case, In cases 3 and 4, in which electrolyte changes after 
transfusion were studied, the red cells from four bottles were given in each case. 

The red cells were transfused to three patients of group A suffering from moderately severe post - 
partum anaemia (cases 1-3) and to one patient suffering from paroxysmal nocturnal haemoglobi- 
nuria (case 4). In cases | and 2 fresh group A blood was transfused simultaneously to ensure an 
adequate therapeutic result, The transfusions were completed in 1-3 hr. Samples of blood were 
obtained from the patients at intervals after transfusion as indicated in Tables 1 and 2. Haemo- 
globin concentration and packed cell volume (P.C.V.) were estimated by methods described 
below; the number of surviving transfused cells was estimated by Dacie & Mollison’s modification 
(1943) of the method of Ashby. 


Extraction of transfused red cells from samples of recipient's blood 
Approximately 20 ml. of blood was taken from the recipient and centrifuged; the red cells were 
washed twice in 0:85% NaCl and the white cells were discarded. 15 ml. of potent anti-A serum 


‘was now added to the packed cells. The serum used was prepared in rabbits using the artificial A 


antigen described by Morgan (1943). The cells and sera were left until the A cells had formed a large 
agglutinated mass (1-2 hr). The container was then shaken gently and centrifuged ; this process was 
repeated three times in all, The mixture was then allowed to stand until the visible agglutinates 
had settled, then the supernatant suspension of unagglutinated cells was decanted. This suspen- 
sion was centrifuged; the sedimented cells were re-suspended in a fresh volume of anti-A serum 
and the whole procedure was repeated. Further treatments with anti-A serum were given until 


. there were no visible agglutinates; usually only three treatments were needed. 


As a test of the purity of the final preparation of unagglutinated cells a 1/100 suspension was 
prepared, mixed with anti-A serum and centrifuged; the cells were then re-suspended and centri- 
fuged again. After a third centrifugation the mixture was examined microscopically for agglutin- 
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ates. If agglutinates were seen, the original suspension of unagglutinated cells was treated with 
anti-A serum once more. 
The cells were finally washed 3 times with 0-85 % NaCl and suspended in sufficient saline to give 
a packed cell volume of 20-30%. 
As a further demonstration that this method was capable of producing a virtually pure extract 
of group O cells, the following experiment was carried out. The red cells from 20 ml. of group A 
blood were labelled with approximately 100 yc of ™Cr (as sodium chromate), washed three times 
and mixed with the red cells from 4 ml. of group O blood. The mixture was then treated by the 
method already described for the extraction of group O cells. The amount of radioactivity in the 
final suspension of unagglutinated cells was measured and from this the proportion of group A 
cells was deduced. Two experiments were made using blood of subgroup A, in the first and of 
subgroup A, in the second. In each case the final suspension contained less than 0-1% of the 
original number of group A cells. Approximately 55% of the original number of group O cells 
were recovered. Thus since the proportion of A blood to O blood was originally 5:1, the final 
suspension contained less than 1% of group A cells. 
The following tests were made on the final suspension of O cells: 
Haemoglobin was estimated as oxyhaemoglobin in a photo-electric colorimeter, using Ilford 
filter 625, with a grey screen of known optical density as a standard. 
Packed cell volume was estimated in Wintrobe haematocrit tubes, spun at 3000 rev/min for 
55 min in a centrifuge of radius 15 cm. 
In the estimation of cell electrolytes it was necessary to know how much extracellular fluid was 
trapped in the cell column. Figures are available for the amount of ‘trapped plasma’ when whole 
blood is centrifuged under these conditions (Chaplin & Mollison, 1952), but it was not known 
whether the same corrections were appropriate for red cells suspended in saline. Experiments 
were therefore undertaken to measure directly the amount of ‘trapped saline’. Fluid trapped in 
the red cell column could not be measured directly with Evans Blue (T 1824) using the technique 
of Chaplin & Mollison (1952) because the use of the dye is unsatisfactory in plasma-free cell 
suspensions, Accordingly, a small amount of **4I albumin was added to the saline in which the 
red cells were suspended; the final concentration of albumin in the medium was less than 0-5%,. 
Suspensions with a packed cell volume of approximately 20 and 40% respectively were centrifuged 
in Wintrobe haematocrit tubes for 55 min at 3000 rev/min. For comparison, whole heparinized 
blood of similar packed cell volume was tested. After centrifugation the supernatant solution was 
removed and the sides of the haematocrit tube were well washed. The packed red cells were finally 
washed into a small volumetric flask so that the amount of radioactivity, representing trapped 
extracellular fluid, could be estimated. The results showed that the amount of fluid trapped was 
the same whether the cells were suspended in saline or in plasma; e.g. in one experiment, 2-6 and 
29% in plasma compared with 2-8 and 3-:1% in saline. Accordingly, in correcting for trapped 
extracellular fluid the figures of Chaplin & Mollison (1952) were used. 
Cell volume was deduced from the mean corpuscular haemoglobin concentration (M.C.H.C.): 
“De TE ay x 100%, assuming the M.C.H.C. of normal red cells to be 34%. 
Osmotic fragility was determined by the method of Parpart, Lorenz, Parpart, Gregg & Chase (1947) 
as modified by Crawford, Cutbush & Mollison (1953). 
Cell sodium and potassium contents were determined with a flame photometer, using the method 
of Selwyn & Dacie (1954), with minor modifications. 
The sodium content and packed cell volume of the sample were determined as follows: two 
calibrated Wintrobe haematocrit tubes were filled to the 100 mm mark, capped and centrifuged 
for 55 min. The height of the packed cell column was recorded. The supernatant solution was then 
- removed, care being taken not to disturb the red-cell layer. The supernatant was kept for estima- 
tions of its sodium and potassium content. The walls of the haematocrit tubes and the upper surface 
of the packed cell column were washed gently with 5% dextrose three times to remove all the 
adhering NaCl. Then the tube was allowed to stand for 5 min and all the supernatant solution was 
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removed. The contents of each tube were washed into a 10 ml. volumetric flask and made up to 
volume with distilled water. The volume of cells present was calculated from the packed cell 
volume of the sample and the known volume of the haematocrit tube. A correction was applied 
as described above for fluid trapped in the red cell column. 

The potassium content of the whole sample was determined after adding 0-2 or 0-5 ml to 20 ml. 
distilled water. The dilutions of blood were made in distilled water as, with the flame photometer 
used, the interfi e of potassium with sodium and of sodium with potassium was found to be 
within the limits of the error of the method. The cell potassium content was deduced from the 
packed cell volume of the sample, making a small correction for the potassium content of the 
supernatant, if any. 


The contents of sodium and potassium in m.equiv/l. of packed cells were corrected to allow for _ 


changes in cell volume: i.e. 

Observed cell volume 

“Normal cell volume * 

The corrected result thus expressed electrolyte contents in terms of red cells of normal volume. 


Corrected content (m-equiv/l.)=observed content (m-equiv/l.) x 


RESULTS 
Preliminary experiments to establish the validity of the methods used 

(1) Effect of agglutination procedure on osmotic fragility and on red cell 
electrolytes. In order to discover whether the procedure outlined above for 
extracting group O cells from a mixture of groups O and A altered their 
osmotic fragility or electrolyte content, the following experiments were 
performed: 

(a) 0-5 ml. of fresh group O blood was mixed with 4-5 ml. of group A, blood 
and the O cells were then recovered by the method described previously. The 
osmotic fragility of the cells was determined before and after this treatment. 
A similar experiment was performed with 0-5 ml. of a suspension of group O 


cells which had been frozen in glycerol, thawed and washed. The results are 
shown in Table 1. oa 


Taste 1. Osmotic fragility of group O red cells, before and after being mixed with A 
cells and separated from them by differential agglutination 


Percen NaCl in which 


there was 
50% lysis 5% lysis. 
Fresh cells Before treatment 0-419 0-464 
After treatment 0-433 0-477 
Previously frozen cells Before treatment 0-295 0-365 
After treatment 0-308 0-382 


The osmotic fragility of the group O cells véas a little higher after recovery 
from the mixture of group A and group O cells. However, the differences are 
scarcely significant (the s.p. of estimates made by this method on blood from 
the same donor has been found to be approximately 0-009°% NaCl, Crawford 
et al. 1953). 

(6) 3 ml. of a 50% suspension of twice-washed group O cells was added to 
10 ml. of group A, blood. The cell sodium and potassium content of the 
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group O cells was determined before mixing with the group A blood and after 
subsequent separation from the A, blood. A similar experiment was performed 
using group O cells that had been stored at — 20° C for 6 months in a trisodium 
citrate-sodium phosphate-glycerol solution. The results are shown in Table 2. 

(2) Accuracy of cell sodium estimations. The estimation of the sodium content 
of red cells is subject to a greater error than the estimation of their potassium 


- eontent because the red cells are suspended in sodium chloride solution and a 


small amount of this is trapped in the packed red cells and has to be allowed 
for. To test the reproducibility of the method a series of replicate estimations 


_ were performed. The standard deviation was found to be 0-5 m-equiv sodium 


when estimating red cells with a sodium content of 11-0 m-equiv/I. 


Tase 2. Cell volume and sodium and potassium content of group O red cells, before and after 
being mixed with A cells and separated from them by differential agglutination 


Electrolytes (m-equiv/1.) 

Cell volume - A 

(%normal) Na K Total 
Fresh cells Before treatment 102 12 99 11] 
: After treatment 101 11 101 112 
Previously frozen cells Before treatment 78 23 45 68 
- After treatment 80 22 47 69 


TaBLE 3. Post-transfusion changes in osmotic fragility of red cells previously stored at - 20° C 


Percen NaCl in 

Percentage | which there was 
Period after survivalof Cell volume A 
transfusion transfused cells (% normal) ._ 50% lysis 5% lysis 


Case 1 Before -— 77 0-276 0-350 
1 day 45 -~ 0-276 0-407 
2 days 46 oe 0-360 0-464 
3 days a — 0-389 0-469 
Case 2 Before — 83 0-346 0-389 
1 day 87 — 0-362 0-428 
2 days 76 — 0-410 0-455 


Transfusion experiments 
In cases 1 and 2 observations were confined to changes in the osmotic 


fragility of the transfused cells during the 3 days after transfusion. As Table3 . 
_ shows, evidence was obtained that osmotic fragility had not returned to normal 


within 24 hr after transfusion in either case. Osmotic fragility was within the 
normal range at the end of 48 hr in case 2 but in case 1, in which more 
abnormal cells were transfused, fragility was still outside normal limits after 


days. 


In cases 3 and 4 more extensive observations were made. Moreover, con- 
siderably larger volumes of red cells were transfused; that is to say, 400-460 
ml. of red cells (equivalent to 1000 ml. whole blood), compared with only 
80-130 ml. of red cells transfused in cases 1 and 2. The results are shown in 
Table 4 and illustrated in Fig. 1 (case 4 only). It will be observed that the 
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changes were not completely reversed until about 4 days after transfusion. 
Note that changes in cell volume, osmotic shai and base content appear to 
be associated. 


TaBLe 4. Post-transfusion changes in cell volume, osmotic fragility and electrolyte 
content of red cells previously stored at ~ 20° C 


Percentage Percen NaCl in 
survival of which there was Electrolytes B-day: /l.)* 
Period after transfused Cell volume A on A 
transfusion cells (% normal) 50% lysis 5% lysis Na K Total 
Case 3 Before —_ 83 0-307 0-395 29 43 72 
I day 81 83 0-328 0-418 18 
2 days 81 88 0-338 0-414 13 74 87 
3 days — 87 0-367 0-443 — 84 — 
4 days 81 96 0-387 0-462 10 88 98 
5 days — 99 0-400 0-468 14 93 107 
14 days 64 97 0-437 0-497 15 110 125 
Case 4 Before — 83 0-267 0-355 48 21 69 
1 hr 85 77 0-262 0-346 42 23 65 
1 day 75 82 0-288 22 49 71 
2 days 59 82 0-328 0-428 16 67 83 
3 days — 88 0-358 0-440 12 80 92 
4 da 58 98 0-387 0-450 10 98 108 
14 days 55 100 0-417 0-470 12 94 106 


* ‘The observed values based on m-equiv/l. of packed cells were corrected to a figure representing 


normal cell volume (see text). 
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Days after transfusion 


Fig. 1. Changes in cell volume, cell sodium and potassium concentrations 
and osmotic fragility after transfusion. Case 4, 
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DISCUSSION 


Maizels & Paterson (1940) made observations on changes in the sodium content 
of stored red cells after transfusion. They did not extract the transfused cells 
but simply measured changes in the average sodium content of all the red cells 
in the recipient’s blood stream. The stored cells which were transfused had a 
greatly increased sodium content (2—5 times normal). Half an hour after 
transfusion the average sodium content of the cells in the recipient’s circula- 
tion was significantly increased (to about 14 times normal) but by the end of 
24 hr the figures were within the normal range. Maizels & Paterson showed, 
__by applying the method of differential agglutination, that the majority of the 
transfused cells were present in the circulation 24 hr after transfusion, and they 
concluded that ‘within 24 hr of transfusion the chemistry of stored cells is 
_ returned to normal’. Although these data showed decisively that the sodium 
content of the stored cells fell considerably during the 24 hr after transfusion, 
the method was not sufficiently precise to show whether entirely normal values 
_ were reached so soon. 

Maizels (1943) reported more direct observations in a single case. A patient 
- of group A was transfused with one bottle of group O blood stored for 
1 week; the transfused cells were separated by differential agglutination 
and the sodium and potassium content was estimated. It appeared that 
~ normal values were approached but had still not been reached 48 hr after 
transfusion. 
-_, The present observations shane that following the transfusion of red cells 
sored: in a glycerol-citrate-phosphate solution at. — 20° C there is a progressive 
restoration of the normal intracellular contents of sodium and potassium but 
that the normal values are not reached for about 4 days. The question arises 
_ whether these findings suggest any abnormality in cation transport of the 


stored cells, 


If it be assumed that about 1-6 m-equiv/l. potassium is : commited into 
normal fresh erythrocytes per hour, and that the rate constant for passive 
efux is 0-016 hr-! (Raker, Taylor, Weller & Hastings, 1950; Sheppard & 
Martin, 1950), then if the potassium content of normal cells is 100 m-equiv/I. 
and of the stored cells z m-equiv/l., it can be shown that 100—z will halve 
every 43 hr, provided that after transfusion the stored cells behave like fresh 
cells with regard to potassium influx and efflux. The data in Table 4 indicate 
_ that the rate of potassium gain was in fact that expected from the behaviour 
. of fresh cells, For example, in case 3, assuming the potassium content at 
equilibrium to be 100 m-equiv/I, the cells have to gain 57 m-equiv/l. altogether, 
and after 43 hr are expected to gain 28-5, bringing their content to approxi- 
mately 72 m-equiv/l. Similarly, in case 4 the cells have to gain 79 m-equiv/I. 
altogether, and in 43 hr are expected to gain 39-5, bringing their content to 
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approximately 61 m-equiv/l. Table 4 and Fig. 1 show that the observed figures 
were close to these expected figures. 

It is known that stored cells with a high sodium content and a raised 
sodium efflux may have a potassium influx as high as twice the normal value 
(Flynn & Maizels, 1949; Ponder, 1950). Accordingly, it might have been 
expected that the rate of potassium gain would initially have been greater 
than that of fresh cells, because at the time of transfusion the sodium content 
of the cells was increased. The fact that, in the present work, the net potassium 
influx was found to be approximately the same as that of fresh cells therefore 
suggests either that the potassium transport mechanism in these stored cells 
is defective or that the cells are abnormally permeable. 

Recently, measurements of sodium and potassium transport in vitro, using 
radioactive isotopes, have been made on samples of red cells stored under the 
same conditions as those described in this paper (Clarkson, personal com- 
munication). These measurements have shown that the active transport of 
sodium and potassium is only slightly impaired after storage in glycerol- 
citrate-phosphate solution at —20°C for several weeks, but that the per- 
meability of the cells, both to sodium and potassium, is definitely increased. 

The data in Table 4 and Fig. 1 indicate clearly that changes in cell volume, 
base content and osmotic fragility are closely related. During storage the cells 
shrink and lose base and thus tend to swell less in hypotonic solutions. After 
transfusion the base content rises again and as it does so, the cells return to 
their normal volume and normal osmotic fragility. 

It is possible, though unlikely, that there is some relationship between the 
base content of individual red cells and their viability, and it might be sug- 
gested that the apparent increase in base content of transfused cells is due to 
the dying out of highly abnormal cells. However, it should be noted that in 
case 3 in the present series, after the first 24 hr the number of transfused red 
cells remained constant during a period in which the volume, osmotic fragility 
and base content of the transfused cells rose considerably. Similarly, in case 4, 
there was only a small fall in the number of transfused cells between the first 
and fourth days after transfusion, although during this period there were 
relatively enormous changes in cell contents; for example, the cell potassium 
concentration rose from 49 to 98 m-equiv/l. Evidently, then, a temporary 
halving of cell potassium concentration does not necessarily impair viability. 


SUMMARY 
1, A method was devised for recovering relatively large volumes of trans- 
fused red cells from blood samples taken from the recipient; the extracts of 
transfused red cells contained less than 1 % of the recipient's cells. The method 


was applied to a study of the changes in osmotic fragility and sodium and 
potassium content of stored red cells after transfusion. | 
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2. Red cells stored at —20°C in various citrate mixtures were studied 
because of their greatly reduced base content. It was found that cell potassium, 
cell volume and osmotic fragility rose slowly after transfusion and that normal 
values were not reached for 4 days. 

3. The rate of gain of cell potassium after transfusion was that expected 
from the known rate of efflux and influx in normal fresh red cells. The 
significance of this finding is discussed. 

4. A greatly diminished intracellular potassium content at the time of 
transfusion does not prevent red cells from surviving normally in vivo. 


We are grateful to Prof. M. Maizels for help in the preparation of this paper and to Miss E. M. 
Clarkson for permission to refer to unpublished observations. 
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XXIV 


SUBJECT INDEX 


Papers published in Proceedings by title only are indicated by T | 


Acetate, foetal uptake of (sheep), 67 P 
Acetazoleamide, CO, carriage affected by 
(man), 71P 
Acetylcholine, blowfly synthesis of, 13P 
citric acid role in synthesis of, 81 P 
sodium effect on sympathetic ganglion 
release of (cat), 159 
touch receptors affected by (frog), 17P 


ureter affected by (water-buffalo), 430 - 


Action potential, tetraethy] nium ion 
effect on muscle (toad), 513 
Adrenaline, intracellular granules of ad- 
renal medulla containing (ox), 38 
sympathectomy effect on hand blood 
flow response to (man), 55 
ureter affected by (water-buffalo), 427 
Adrenal medulla, intracellular granules 
in (ox), 27 


Adrenocorticosteroids, heat exposure 


effect on urinary excretion of (man), T 
26P 
Age, aqueous humour penetration by p- 
amino-hippurate affected by (rabbit), 
122 
spleen weight affected by (dog), 636 
water and solute excretion affected by 
(dog), 628 
Amine oxidase, distribution in skin of 
(mammal), 454 
intracellular granules of adrenal medulla 
containing (bovine), 44 
Amino-steroid, cardiac actions of (rabbit ) 
10P 
Ammon’s horn, stimulation in (rabbit), 611 
Anaesthetics, pyramidal neurones action 
potentials affected by (rabbit), 622 
Anoxia, cardiac muscle exchange of sodium 
affected by (rat), 180 
Antigen-antibody reactions, histamine 
role in cutaneous (rat), 205 
Apparatus, counter chronometer method 
for recording pulse-wave velocity, 27P 
Perfusion pump, small (rabbit), 37 P 
Pulse counting, portable e.c.g. pre- 
amplifier for, 4P 
Ratemeter for heart, quick response, 4 P 
Stereotaxic instrument, fine control of 
electrode movement in (mammal), 5 P 
Sweep expander for use with Cossor 1049 
oscilloscope, 5 P 


Thermocouple, very small with low stem 
errors, 1P 
Aqueous humour, cerebrospinal fluid 
comparison with (rabbit), 111 
Arm, venous blood oxygen saturation 
affected by position of (man), 281 
Arterial pressure, splenic function in 
cerebral cortex stimulation effect on 
(cat), 547 
Arthus reaction, skin histamine depletion 
effect on (rat), 216 3 
Ascorbic acid, aqueous humour and cere- 
- brospinal fluid (rabbit), 113 
Athlete, pulmonary diffusing capacity in 
exercise of, 247 
Audiogram, pitch-intensity relation with 
dip in (man), 225 
Auricle, carbon dioxide, bicarbonate and 
pH effect on electrical and mechanical 
activity of (rabbit), 90 
pacemaker potentials at low temperatures 
in isolated (rabbit), T, 3P 
Azide, sodium transport in erythrocytes 
affected by (man and chicken), 492 


Bicarbonate, auricle conduction velocity 
and rate affected by (rabbit), 96 
Bladder, assessment of voluntary emptying 
of (man), 408 
posture effect on pressure in (man), 448 
ureteric activity affected by pressure in 
(mammal), 439 
Blood, glass activation of pharmacologically 
active agents in (mammal), 80 P 
hydroxytrypt concentration in 
(man), 24P 
Blood pressure, continuous indication of, 
75P 


Blood transfusion, reversal of electrolyte 


changes in stored erythrocytes after 
(man), 639 
Blowfly, acetylcholine synthesis in, 13P 
Body movements, erector spinae muscles 
activity in (man), 186 
Body temperature, drugs action affected 
by reduced, T, 82 P 
muscle blood flow affected by rise in (man), 
T, 31P 
ventilation during exercise affected by 
(man), 554 
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Bradykinin, salivary gland production of 
(cat), 256 
Brain, chlorpromazine effect on electrical 
activity of (cat), 50P 
inhibitory substance to sympathetic 
ganglia produced by (cat), 386 


penetration of substances into cerebro- 


spinal fluid and (rabbit), 119 
*Bromide, aqueous humour, cerebrospinal 
fluid and plasma (rabbit), 113 . 
Pacinian corpuscles and movement of 
(cat), 594 


Calcium, Purkinje fibres electrical pro- 
perties effect on (calf and sheep), 568 
Carbon dioxide, auricle conduction velocity 
and rate affected by (rabbit), 96 
balance sheet in body of (man), 142 
immediate metabolic effects of breathing 
mixtures of (man), 393 
Carbon dioxide carriage, acetazoleamide 
effect on (man), 71 P 
Carbon monoxide, haemoglobin in solu- 
tion and in red cell reaction with (man), 
69 
pulmonary diffusing capacity measure- 
ment by use of (man), 237 
Cardiac muscle, sodium exchanges in 
(rat), 177 
Cat, righting movements of freely falling 
(Film), 34P 
Central cholinergic synapses, drugs 
action on, 40 P 
Central nervous system, action currents 
within (frog), 58 P 
Cerebellum, acetylcholine, histamine and 
brain extracts effect on electrical 
activity of (rabbit), 19P 
afferent and cerebellar cortical stimulation 
effect on (cat), 57P 
Cerebral cortex, splenic function in blood 
pressure changes evoked by stimulation 
of (cat), 547 
Cerebrospinal fluid, aqueous humour 
comparison with (rabbit), 111 
inositol content of (man and cat), 272 
Chloride, aqueous humour, cerebrospinal 
fluid and plasma (mammal), 114 
Chlorpromazine, brain electrical activity 
in conscious animal affected by (cat), 
50P 
Cholinesterase, chromaffine cell distri- 
bution of (ox), 50 
distribution in skin of (mammal), 454 
Chromaffine cell, cholinesterase distri- 
bution in (ox), 50 
Chromaffine tissue, pressor activity of 
fractions from homogenates of (ox), 28 


Citric acid, acetylcholine synthesis and, 
81P 

Cocaine, histamine and pilocarpine effects 
on sympathetic ganglion affected by 
(cat), 345 

‘Purkinje fibre electrical properties 

affected by (calf and sheep), 573 

Cold, temperature responses in liver and 
abdomen following exposure to (rat), 
63 P 

Cold pressor response, environmental 
and cold-bath temperatures effect on 
(man), 72P 

Colon, intramural organization of para- 
sympathetic outflow to (rabbit), 17P 

Conduction velocity, bicarbonate and 
carbon dioxide effect on auricle (rabbit), 
97 

Congenital heart disease, carbon dioxide 
balance sheet in (man), 149 

Cortical motor point, dimensions of (cat), 
20P 

Coughing, erector spinae muscles activity 
in (man), 189 

Creatinine, aqueous humour, cerebro- 
spinal fluid and plasma (rabbit), 116 

Creatinine excretion, voluntary emptying 
of bladder assessment by (man), 408 

Cyanide, sodium transport in erythrocytes 
affected by (man and chicken), 492 


Death, cerebrospinal fluid inositol content 
following (man and cat), 275 

Dentate gyrus, stimulation in (rabbit), 615 

Diamox. See Acetazoleamide 

Diuresis, ureter pressure affected by 
(mammal), 437 

DNP, sodium transport in erythrocytes 
affected by (man and chicken), 492 

Dorsal columns, action potentials from 
single fibres in (cat), T, 7P 

Ductus arteriosus, mechanism of con- 

striction in newborn of (sheep), 28 P 

Ductus venosus, occlusion in mature foetus 
of (sheep), 64P 

Dynamic training, muscle strength 
affected by (man), 328 


Ear, antidromic vasodilatation in (rabbit), 
75P 

Electroencephalogram abnormalities, 
unidirectional d.c. element in (man), 
52P 

End-plate potential, quantal composition 
of (cat), 14P 

Erector spinae muscles, movements and 
postures involving activity of (man), 
184 
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(sheep), T, 40P 
Erythritol, erythrocyte permeability to 
(mammal), 7P 
Erythrocytes, electrolyte reversal on trans- 
fusion of stored (man), 639 
erythritol permeation into (mammal), 7 P 
haemoglobin kinetics in solution and in 
(man), 76 
potassium movements in washed (mam- 
mal), 464 
sodium transfer in (man and chicken), 476 
sodium transport in sickle-cell anaemia in 
(man), 504 
Exercise, body temperature effect on 
ventilation during (man), 554 
pulmonary diffusing capacity affected by 
(man), 243 


‘Flexion-relaxation’, erector 
muscles showing (man), 192 
Foetal fluids, gestation effect on com- 
position of (sheep), 66P 
Foetus, acetate uptake by (sheep), 67 P 
fructose formation from maternal radio- 
active glucose by (sheep), 356 
Foot venous bed, distensibility of (man), 
74P 
Forearm blood vessels, capacity of (man), 
24P 
Foveal photo pigments, normal and 
colour-blind (man), 41 P 
Fructose, foetal formation from maternal 
radioactive glucose of (sheep), 356 
placental formation of (sheep), 370 


spinae 


Gastric secretion, 5-hydroxytryptamine 
effect on, T, 62P 
urogastrone inhibition of (dog), 539 
vago- vagal effects on (cat), 54P 
Gestation, foetal fluids composition 
changes during (sheep), 66 P 
Giant axon, intracellular electrode system 
in studies of ionic mobilities in (squid) 
16P 
Giant nerve fibres, after-effects of im- 
pulses in (squid) 51P 
in Protopterus, 42P 
Glucose, aqueous humour, cerebrospinal 
fluid and plasma (rabbit), 113 
placental transfer of (sheep), 369 
placental transfer of radio-active (sheep) 
352 
Glucose absorption, in vitro intestinal 
preparation and (rat), 1 
Glycolysis, sodium transport in erythro- 
— relation to (man and chicken), 


SUBJECT INDEX 
Eructation, cine fluorographic studies of 


Gracile nucleus, action potentials from 
single cells in (cat), T, 7P 


Haemoglobin, haemorrhage effect on con- 
centration of (man), 586 
kinetics in solution and in red cell at 
37° C of (man), 65 
Haemorrhage, recovery from acute (man), 
583 
Hand blood flow, local and _ indirect 
heating effect on (man), 23 P 
sympathectomy effect on response to 
adrenaline and noradrenaline of (man), 
55 
Harderian glands, high temperature 
effect on (mouse), 3P 
Hearing deficiency, pitch-intensity rela- 
tion occuring with (man), 225 , 
Heart, amino-steroid action on (rabbit), 10 P 
Heart membrane potential, vagal and 
sympathetic nerve impulses effects on 
(frog), 48P 
Heartrate, bicarbonate and carbon dioxide 
effect on auricle (rabbit), 100 
quick-response ratemeter for measure- 
ment of, 4P 


histamine and pilo- 
carpine effects on sympathetic ganglion 
affected by (cat), 345 

Hippocampus, action potentials of pyra- 
midal neurones in (rabbit), 608 

Histamine, antigen-antibody reactions in 
skin and (rat), 205 

cerebellar electrical activity affected by 
(rabbit), 19P 

ganglionic transmission potentiation by 
(cat), 337 


‘Histamine gastric secretion, urogastrone 


action on (dog), 539 
Hydroxytryptamine, blood platelets ab- 
sorption of (man), 24P 
gastro-intestinal release of, T, 10P 
Hyperaemia, bradykinin formation in 
local (cat), 253 
Hypercapnia, oxygen consumption in 
early stages of (man), 400 
Hyperglycaemia, foetal blood glucose and 
fructose affected by (sheep), 369 
radioactive glucose transfer from foetus 
to maternal circulation in (sheep), 359 
Hyperventilation, ‘apparent oxygen con- 
sumption’ associated with (man), 395 
carbon dioxide accretion when stimulating 
(man), 146 
Hypothalamus, polydipsia production by 
osmotic and electrical stimulation of 
(Film), T, 33P 
water intake control by (goat), 44P 
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Tieum, mechanism of longitudinal muscle 
contraction on pressure rise in (guinea- 
pig), 18P 

stimulation by co-axial aaaraens of 
(guinea-pig), T, 7P 

Inositol, cerebrospinal fluid 
(man and cat), 272 

Inspiration, intra-abdominal pressure 
affected by (man), 450 

Intercostal muscles, electromyography 
in respiration of (man), 12 

Intestinal mucosa, lactic acid production 
in vitro by (rat), 7 

aqueous humour, cerebrospinal 
fluid and plasma (rabbit), 113 

Irin, smooth-muscle contracting substance 
in iris (rabbit), 65P 


Lactic acid, intestinal mucosa in vitro pro- 
| duction of (rat), 7 
L-amino-acids, digestive gland oxidation 
of (Mytilus edulis) 11P 
muscles, respiratory function 
of (cat), 134 
Liver, bromsulphthalein abstraction by 
‘ perfused (dog), 77P 
_ Local anaesthetics, Purkinje fibre elec- 
trical properties affected by (calf and 
sheep), 573 
Locust, flight of (Film), T, 40P 
Lungs, hyperventilation effect on oxygen 
content of (man), 396 
Lysergic acid diethylamide, central 
effects on vasomotor responses of (cat), 
61P 


Male genital system, zinc deficiency effect 
on (rat), 53P 

Morphine, ileum affected by (guinea-pig), 
T, 82P 

Muscle antagonists, strength affected by 
training of one of (man), 332 

Myelin, Pacinian corpuscle nerve distri- 
bution of (cat), 167 

Mytilus edulis, t-amino-acids oxidation 
by digestive gland of, 11P 


Nerve, internode length-diameter relation- 
ship in Pacinian corpuscle of (cat), 171 

Neurohypophysis, uptake of 1*'I-labelled 
thyroxine and triiodothyronine by, T, 
43P 

Neuromuscular transmission, brain in- 
hibitory substance action on (cat), 389 

‘slow’ and ‘fast’ mechanisms (locust), 

T, 58P 

Newborn, ductus arteriosus constriction in 
(sheep), 28 P 


ee 


15% oxygen effect on metabolism of 

(man), 69P 

Nicotine, histamine and pilocarpine effects 
on sympathetic ganglion affected by 
(cat), 345 

Nictitating membrane, isolated prepara- 
tion of (cat), 70 P 

Node of Ranvier, Pacinian corpuscle nerve 
containing (cat), 170 

Noradrenaline, sympathectomy effect on 
hand blood flow response to (man), 55 


Oenanthotoxin, general pharmacology of, 
79P 

Oestrogen, uterine response in vivo to 
stimulation affected by (rabbit), 295 

Oestrus, water, Na and K_ excretion 
affected by (dog), T, 82P 

Oscilloscope, miniature battery-driven, 
T, 40P 

Ovarian hormones, uterine reactions in 
situ affected by (rabbits), 289 


Oxidation-reduction potentials, 


ment in vivo of (rat), 33P 


Oxygen, haemoglobin in solution and in . 


red cell reaction with (man), 67 
Oxygen lack, respiratory studies on effect 
of (man), 29P 
Oxygen tension, continuous simultaneous 
recording in inspired air and sub- 
cutaneous tissue of, T, 7P 
Oxygen toxicity, vitamin E deficiency and 
methylene blue effect on (rat), 62 P 


Pacemaker, calcium ions effect on thres- 
hold of (calf and sheep), 570 

Pacinian corpuscle, myelin distribution 
on nerve fibres from (cat), 167 

sodium and other ions movement in (cat), 

594 

Pancreatic vago-vagal effects 
on (cat), 54 P 

Parotid gland, reflex secretion = (sheep), 
55P 


4 4 


of (sheep), T, 
Passive cutaneous anaphylaxis, skin 
histamine depletion effects on (rat), 217 
Perfusion pump, small (rabbit), 37P 
pH, auricle rate affected by (rabbit), non 
measurement in vivo of, 33 P 
sodium transport in erythrocytes affected 
by (man and chicken), 488 
Pheny Ithi taste thresholds 
in various ethnic groups for (man), 47P 
Pilocarpine, ganglionic transmission po- 
tentiation by (cat), 337 
Pitch, hearing deficiency effect on relation 
of sound intensity to (man), 225 
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Placenta, fructose formation by (sheep), 
370 
glycogen in (rabbit), 68 P 
radioactive sugars transfer by (sheep), 
352 
Plain muscle, skeletal muscle deficient in 
calcium similarity to (frog), 22P 
Plasma, delayed, slow contracting effect 
on plain muscle of (mammal), 30 P 
saliva incubation effect on (cat), 257 
Plasma volume, haemorrhage effect on 


(man), 590 
Platelets, hydroxytrypt absorption 
by (man), 24P 


Polar environment, sleep-wakefulness 
patterns affected by (man), T, 82 P 
Polydipsia, osmotic and electrical stimula- 

tion of hypothalamus producing (Film), 
T, 33P 
Posterior parietal lobe, effects of lesions in 
(monkey), 49 P 
Posture, bladder pressure affected by (man), 
448 
erector spinae muscles activity in changes 
of (man), 186 
experimental contribution to dynamics 
of (Film), T, 40P 
intercostal muscles activity in respiration 
affected by (man), 22 


“Potassium, aqueous humour, cerebro- 
spinal fluid and plasma (rabbit), 113 
erythrocyte and flux of (mammal), 464 
Pacinian corpuscles uptake of (cat), 600 
sodium transport in erythrocytes affected 
by (man and chicken), 488 
Pregnancy, foetal membranes changes 
during (rat), 78 P 
vaginal blood in (rat), 26P 
Pressor amines, intracellular granules 
of adrenal medulla containing (ox), 31 
Progesterone, uterine response in vivo 
to stimulation affected by (rabbit), 298 
Protein; young requirement in mised diet 
of (cat), 78P 
Pseudocholinesterase, brain potentials 
control by (cat), 46P 
Pulmonary diffusing capacity in normal 
subjects (man), 237 
Pulmonary ventilation, intercostal 
muscles activity affected by (man), 14 
Pulse counting, portable e.c.g. pre- 
amplifier for, 4P 
Pulse-wave velocity, counter 
meter method for recording, 27P 
Purkinje fibre, calcium ions and local 
anaesthetics effect on electrical pro- 
perties of (calf and sheep), 568 
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Pyramidal neurones, action potentials in 
_ hippocampus of (rabbit), 608 


Quinidine, skeletal muscle contraction 


affected by (cat and frog), 412 
Quinine, skeletal muscle contraction 
affected by (cat and frog), 412 


Radioactive B,,, absorption in normal and 
gastrectomized rats of, 56 P 
Rainbow trout, visual pigments in, 60 P 
Rectal temperature, sweating decline 
with rise in (man), 8P 
Respiration, intercostal muscles action in 
(man), 12 
muscle activity in (cat), 134 
Respiration apparatus, T, 3P 
Respiratory enzymes, intracellular 
granules of adrenal medulla containing 
(ox), 42 
Reticulocyte count, haemorrhage effect 
on (man), 589 
Retina, centrifugal spikes in (rabbit), 12P 
strychnine spike relation to specific 
response in visual cortex to light stimu- 
lation of (cat), 305 
Rhodopsin, absorption spectrum in solu- 
tion and intact rods, 60P 
quantum efficiency of bleaching in vitro 
of (rabbit), 22P 
two fast reactions of, T, 40 P 


Saliva, vasodilator action of (cat), 255 
Salivary gland, mechanism of functional 
_ hyperaemia in (cat), 253 

Sensitization, factors concerned in 
(guinea-pig), 564 

Sensory cortex, extracellular single unit 
recording in (cat), T, 7P 

Serum, sensitization by horse (guinea- 
pig), 564 

Sickle-cell anaemia, sodium transport 
in erythrocytes in (man), 504 

Sinus venosus, vagal effects on (frog), 
48P 


Skeletal muscle, active state affected by 

quinine in (frog), 416 

K, Rb and Cs effect on resting potential 

T, 39P 

plain muscle similarity to calcium- 
deficient (frog), 22P 

strength affected by repeated exertion of 

(man), 325 


hy onium ion action on mem- 
brane of (toad), 513 
Skeletal muscle action potential, tetra- 
ethylammonium ion action on (toad), 
513 
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SUBJECT INDEX 


_ §keletal muscle blood flow, body warm- 
ing effect on (man), T, 31P 
Skeletal muscle contraction, quinine and 
quinidine action on (cat and frog), 
412 
Skin, cholinesterase and amine oxidase 
distribution in (mammal), 454 
histamine role in antigen-antibody re- 
actions in (rat), 205 
Skin histamine, depletion of (rat), 209 
Skin touch receptors, acetylcholine effect 
4 on (frog), 17P 
- Small intestine, glucose absorption in in 
vitro preparation of (rat), 1 
Small-nerve junctional potential, mem- 
brane changes responsible for (frog), 
| 9P 
Sodium, acetylcholine release in sympa- 
: thetic ganglion affected by (cat), 
159 
Sodium, cardiac muscle exchange of (rat), 
177 
erythrocyte and transfer of (man and 
chicken), 476 
erythrocytes in sickle-cell anuemia and 
transport of (man), 504 
“Sodium, aqueous humour, cerebrospinal 
fluid and plasma (mammal), 114 
erythrocyte and transfer of (man and 
chicken), 476 
Pacinian corpuscles and movement of 
(cat), 594 


Sound intensity, pitch relation in hearing — 


deficiency to (man), 225 
Spinal cord, cholinesters and quaternary 
ammonium compounds action on (frog), 
59P 
dorsum potentials in (frog), T, 40 P 
lumbar root section effect on terminal 
degeneration in (cat), T, 7P 
Spleen, cerebral cortex stimulation affecting 
blood pressure involving (cat), 547 
size and function in young of (dog), 636 
Staircase phenomenon, ovarian hormones 
effect on uterus in vivo showing (rabbit), 
295 
Static training, muscle strength affected 
by (man), 328 
Stereotaxic instrument, fine control of 
electrode movement in (mammal), 5P 
Stethograph, tidat volume relation to 
movement of (man), 395 
Stilboestrol, water, Na and K excretion 
affected by (dog), T, 82P 
Strychnine spikes, intracortical excitation 
of visual cortex following (cat), 316 
specific response to visual stimuli relation 
in visual cortex to (cat), 305 
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Subcortex, local anaesthetic injection 
effect on (cat), T, 7P 

Submandibular salivary gland, mechan- 
ism of functional hyperaemia in (cat), 
253 

Succinoxidase, intracellular granules of 
adrenal medulla containing (ox), 43 

Sweating, raised rectal temperature with 
decline in (man), 8 P 

Sweep expander, Cossor 1049 oscilloscope 
use of, 5P 

Sympathectomy, adrenaline action on 
hand blood flow affected by (man), 55 

Sympathetic ganglion, brain inhibitory 
substance action on (cat), 387 

pilocarpine and histamine potentiation of 
responses to stimulation of (cat), 337 
sodium concentration relation to acetyl- 

choline release in (cat), 159 

Tape recorder, slow potential changes by, 
T, 39P 

Taste, impulse pattern of, T, 43.P 

Temperature, Harderian glands affected 

by changes in (mouse), 3P 

Tetraethyl jum, muscle action 
potential affected by (toad), 513 

Thermal balance (man), 72 P 

Thermocouple, very small with low stem 
errors, 1P 

Thiocyanate, aqueous humour, cerebro- 
spinal fluid and plasma (rabbit), 
116 

Thiourea, aqueous humour, cerebrospinal 
fluid and plasma (rabbit), 116 

Thyroid hormone, early metabolic effects 
of (rat), 45P 

Time marker, use with sweep expander of, 
38P 

Tissue culture, mass, concentration and 
thickness of living cells in (chick and 
snail), 25P 

Touch receptors, acetylcholine effect on 
(frog), 17P 

Training, muscle strength affected by 
(man), 325 

Transfusion, stored e 
lyte reversal on (man), 639 

Trapezoid body, ‘two-tone’ inhibition in 
(cat), 16P 

Trunk flexion, erector spinae muscles 
activity in (man), 190 


electro- 


Umbilical vessels perfusion, sugar trans- 
fer at placenta studied by (sheep), 
367 
Ureter, factors affecting activity of (water- 
buffalo), 425 
pressure in intact (mammal), 436 
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Urine, solute output changes effect on 
osmolarity of (dog), 69P 
urogastrone from (man), 
528 
volume and cuenponition in young and 
adult of (dog), 628 
Urogastrone, preparation by new method 
of (man), 528 
Uterus, oestrogen influence on response to 
stimulation in vivo of (rabbit), 295 


Vaginal smear, pregnancy effect on blood 
in (rat), 26P 
Vagotomy, respiratory 

T, 31P 
Vasodilatation, bradykinin formation in 
local (cat), 253 
Vectorgraph, extracellular patients in 
grey matter recording by (frog), 35P 
Venous oxygen saturation, arm position 
effect on (man), 281 
Ventilation rate, body temperature in 
exercise effect on (man), 554 


after (cat), 


SUBJECT INDEX 


Ventral root potential, polarization effect 

Vision, quantum fluctuations and un- 
certainty at absolute threshold of, T, 62P 

Visual cortex, strychnine spikes and intra- 
cortical excitation of (cat), 316 

strychnine spike and specific response to 

visual stimuli relation in (cat), 305 

Visual pigments (rainbow trout), 60P 

Vitreous body, penetration of substances 
into (rabbit), 118 


Water, excretion rate in young and adult of 
(dog), 628 

Water excretion, hyperpnoea and renal 
(man) 73P 

Water intake, hypothalamic control of 
(goat), 44P 

Weight lifting, erector spinae muscles 
activity in (man), 193 


Zinc deficiency, male genital 


_ affected by (rat), 53P 
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A very small thermocouple with low stem errors. By D. W. Vere. 
R.A.F. Institute of Aviation Medicine, Farnborough, Hants 


_ This couple was designed to measure temperature gradients in the superficial 


layers of human skin. To do this it requires to be very small with minimal stem 


_ errors and parasitic current production, but must have a usefully high junction 


potential to overcome an inevitably high internal resistance. The couple should 

be as stiff and robust as possible. | 
One of the Hutcheon’s alloys (Firestone, 1930), consisting of bismuth (97 %) 

and antimony (3%), is melted into a soda-glass tube. This is drawn out in 


_ stages in a microburner till a very fine capillary is obtained. The end is broken 


off and the filament coated by passing it through a drop of molten Wood’s 
metal (melting-point 70° C). The tip is protected by dipping it once into a 
solution of rubber in benzene. Fine copper wires are fixed to the inner alloy 
core and the outer coating with Wood’s metal, and the whole supported on 
a fine glass tube. The copper-alloy junctions are surrounded by a small water- 


bath through which a continuous flow of water at constant temperature may 


be led. 
In use the exploring junction at the end of the capillary is situated 2-3 cm 


from the copper-alloy junctions. These are irrigated through the water-bath 


continually from a thermostatic constant head vessel through a short lagged 
tubber tube. They constitute the constant-temperature junction. It is found 
to be easy to maintain them at 10°C above room temperature without a 
variation of more than +0-05° C. 


- Couples have been made in this way from 5y upwards in diameter. They - 


compare very favourably in mechanical strength with wire couples of similar 
size. Their co-axial structure prevents electro-chemical parasite currents, and 
the fact that the junction is planar and normal to the axis of the couple 
eliminates the errors due to elongated junctions which are difficult to avoid 
with soldered wire couples. The thermoelectric e.m.f. developed is very high 
(55 1 V °C-4) and is nearly linear over the range 20-40° C. No component of 
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the couples has a thermal conductivity higher than 0-03 cal em~* ° C-* sec™?. 
This gives them a very low conductive stem error. Their small cross-sectional 
area further diminishes this. An estimate of the stem error was obtained by 
inserting couples into a 1-5 mm thick sheet of vaseline (conductivity 0-00044 cal 
cm-2° (-1 sec-1) across which a temperature gradient of 10°.C was maintained. 
Couples less than 251 diameter gave a linear gradient throughout the material 


4 


| Fig. 1. Diagram of a thermocouple. 


(sensitivity of recording system +0-05° C). Couples of 50 1 showed a deviation 
from linearity, the maximum being 0-5° C. In practice smaller couples than 
this are used in skin, the gradient in skin is of the order of one-tenth of the 
above gradient, and the thermal conductivity of skin is three times that of 
vaseline. It is therefore considered that conduction up the couple will produce 
errors of less than 0-05° C for measurements in skin if the couples are 40 or 
less in diameter. The difficult and inaccurate method of calculating and 
allowing for stem errors is thus avoided. : 


D 

Copper 
wires 
cag 
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- the animals reared in the heat. The distribution and some of the physico- 
_ chemical characteristics of the pigment are demonstrated. 
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As the couple diameter decreases the electrical resistance rises approxi- 
Bataly according to the equation 
R=kld, 
where R=resistance in Q, 
_ =length of narrow couple stem in cm, 
d=couple diameter in cm, 
k=5x 10, | 
_ REFERENCE 
_ Firestone, F. A. (1930). Rev. sci. Instrum. 1, 694. 


A respiration apparatus. By R. 8. Cormack, D. J. C. Cunninenam and 
J. L. H. O’Rrorpan 


Pacemaker potentials in isolated rabbit auricles at low tempera- 
tures. By Jean and E. M. Vavcnan WILLIAMS 


_ The Harderian glands of mice following exposure to high environ- 


mental temperatures. By K. J. Cottins and K. Hettmann. Medical 
Research Council, Climate and Working Efficiency Umit, Department of 
Human Anatomy, University of Oaford 
It has been reported by Boas & Bates (1954) that following thyroidectomy in 
rats there occurs within a few days progressive atrophy of the Harderian 
glands. Exposure of mice to temperatures of 91° F dry bulb, 85° F wet bulb 
causes a decrease in iodine uptake by the thyroid glands as compared with 
animals reared in ordinary room conditions (Collins & Hellmann, 1955). Con- 
sequently an examination was made of the Harderian glands in two pure-line 
strains of mice (A and RITI) exposed to this environment. 
There was consistent reduction in weight of the Harderian glands from the 


- eleven heat-exposed animals as compared with those of the eleven control 


litter-mates, even allowing for the smaller body weight of the heat-exposed 
animals. In addition, there was a heavy deposit of pigment in the glands from 


REFERENCES 


Boas, N. F. & Bates, R. W. (1954). Endocrinology, 55, 601-612. 
Collins, K. J. & Hellmann, K. J. (1955). J. Physiol, 128, 49 P. 
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A quick-response ratemeter for the measurement of heart rates. 
By D. V. Fretp. R.A.F. Institute of Aviation Medicine, Farnborough, 
Hants 


The instrument described is a modified type of integrating ratemeter. An 
integrating circuit, in which increments of charge are fed to the capacitor by 
the operation of a high-speed relay instead of by the conventional diode pump, 
is followed by a sampling circuit by which a capacitor in the output circuit is 
switched in momentarily to record the instantaneous amplitude of the charge- 
discharge cycle just after the completion of the charging period. Due to the 
high input impedance of the output stage, the capacitor remains charged to 
this particular voltage until the next pulse. This device removes the output 
fluctuation which is an objectionable feature of the conventional ratemeter at 
low frequencies, and also allows the use of a shorter time constant in the 

The measured linearity is within +3% for frequencies of between 30 and 
200 pulses/min, and the 90% response time is a maximum of 4 sec. 


A portable e.c.g. pre-amplifier for pulse counting. By D. V. Fret. 
R.A.F. Institute of Aviation Medicine, Farnborough, Hants 
The instrument described was developed for use in a building of high electrical 


noise level for amplifying e.c.g. pulses and feeding them through a long line 
to a ratemeter and counters. It is a modification of the design of Attree (1953) 


10K 60Vi 160V 
1 
47K $100K 
Vv; V2 V; Vs Vs (All DAF 70) 


using low-consumption subminiature battery valves. V, and V, are cathode 
followers feeding into the cathode and grid respectively of V,, the bridge valve, 
in-phase signals being largely rejected. Optimum rejection is obtained by 


t 
t 
3 
Ay 
0-1 uF i Fe 0-1uF = 


- intermittent use, such batteries have a considerable working life. 


tion ( x 150) incorporating a simple low-pass filter, and followed by an ampli- 
_ tude discriminator. Unwanted components of the e.c.g. waveform and spurious 


_ A stereotaxic instrument with fine control of electrode movement. 


on the market, but particular attention has been paid to accuracy, simplicity 


mercial vernier depth gauge to obtain movement of the electrodes in the 
- sponds to a vertical movement of the electrode of 20. There are facilities 
tion, for rabbits. 


| Engineers Ltd, Blackburn, Lancs. 


_ the Cossor that is required; there is no interference with its normal function. 
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adjustment of R, and R,. V, is a further stage of amplification, and V, a 
cathode follower giving a reasonably low output impedance. On-off switching 
is by relay operation controlled from the main unit. 30V deaf-aid batteries 
are used for the h.t. supplies and 1-5V U, type cells for the filaments. With 


The instrument is constructed on three small tag-boards bolted together and 
spring-mounted inside a metal screening box which also houses the relays and 
batteries. No trouble has been experienced from microphony. 

The pre-amplifier is followed in the main unit by a further stage of amplifica- 


pulses are thereby largely removed. 


REFERENCE 
nies V. H. (1953). Electron. Engng, 25, 260-261. 


By I. Cauma and G. L. Kipp. The arene of Physiology and Histology, 
The University of Liverpool 


This apparatus is designed on the lines of other similar instruments at present 
of construction and cheapness. It has been found convenient to use a com- 


vertical direction. An inexpensive apparatus for the fine control of electrode 
movement in depth is thereby obtained, in which one vernier division corre- 


for the simultaneous use of several recording or stimulating electrodes. The 
stereotaxic apparatus is suitable for monkeys, cats and, with some modifica- 


The instrument can be constructed in any reasonably well-equipped work- 
shop. The prototype of this instrument has been built for us by Precision 


A sweep expander for use with the Cossor 1049 oscilloscope. By 
J. F. Parmer. Department of Physiology, University College London, — 

W.C.1 
This unit permits the expansion (or compression) of any portion of the trace 


by a factor which is continuously adjustable up to a maximum of about 40. 
The installation of a panel-mounting jack socket is the only modification of 
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The insertion of a resistance into the Cossor time-base circuit at x (Fig. 1) 
reduces the sweep velocity; the extent of the reduction is determined by the 
magnitude of the resistance. In this unit the valve V, acts as a variable 
resistance whose value is controlled by the grid-cathode potential. While the 


\ 6504+ 
Ras x 
Ra Normal circuit in Cossor 
V; 
$ 
Vv; 4 
ied QR, Jack socket 
H 


Fig. 1. Circuit diagram of sweep expander. R,=1 MQ, R,, R,=2 MQ, R,=4 MQ, R,=100 kQ 
3 W; VR1=3 MQ; C,=0-01 uF; V,, V,=EF91. Valve heaters are supplied from separa 
windings on heater transformer, that to V, being insulated from earth. ‘ 


_ Fig. 2. Oscillograms showing expansion and compression ; 20 ke/s on top, 1000 c/s below. 


valve V, is conducting, this potential, and hence the sweep speed, is deter- 
mined by the setting of the potentiometer VR1. The arrival of a negative 
rectangular pulse of about 15 V at the input of V, cuts off this valve, causing 
V, to conduct maximally irrespective of the setting of VR1, which therefore 
also controls the ratio of the velocities during the sweep. : 

For compression of the trace the control grid of V, is negatively biased and 


cut on with a positive pulse; VR1 now directly controls the amount of 
compression. 3 
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without any apparent loss in linearity. 


A method of stimulating the guinea-pig ileum using co-axial 


Extracellular single unit recording in the somatic sensory cortex 
- Secretomotor mechanisms of the sheep’s parotid gland. By D. A. 


_ Erythrocyte permeability to erythritol. By Frepa Bowyer* and 


_ the rates of reswelling in buffered saline made hypertonic by the addition of 
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Thus the sweep expander may be operated by any device that can provide 
a rectangular pulse of controllable width and polarity, and occurring with 
an adjustable delay after the beginning of the sweep, e.g. the stimulator 
described by Attree (1950). 
The expander unit, or an equivalent resistance, also enables the Cossor time 
base to be slowed down, for example, to about 30 sec at the 500 msec setting, 


REFERENCE 
Attree, V. H. (1950). J. sci. Instrum. 27, 43. 


electrodes. By W. D. M. Paton 


Study of terminal degeneration in the cat’s spinal cord following 
section of lumbar posterior roots. By P. Guzzs 


The effects of injecting a local anaesthetic into the subcortex of 
the cat. By A. B. Bui, J. H. G. Epstein and P. Guizzs. 
(Film) 


Action potentials from single sensory fibres in the dorsal columns 
and from single cells in the gracile nucleus of the cat. By 
G. Gorpon and G. 


Continuous simultaneous recording of oxygen tension in inspired 
air by a new magnetic meter and in the subcutaneous tissue 
by polarographic electrode. By R. V. Coxon and R. H. Kay 


of the cat. By M. V. L. Bennett 


Coats, D. A. Denton, J. R. Gopine and R. D. Wrieur 


W. F. Wippas. Department of Physiology, St Mary’s Hospital Medical 
School, London, W.2 
The kinetics of penetration of erythritol into red cells of foetal and adult blood 
of three species (human, guinea-pig, sheep) has been investigated by following 
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meso-erythritol. The volume changes were recorded photometrically with an 
apparatus of the Orskov type (Widdas, 1953). 

The rates of penetration with increasing concentrations of erythritol fit 
equations based on diffusion. Although erythritol is the next member after 
glycerol in the polyhydric alcohol series no correlation has been found between 
their diffusion constants in the different bloods. Further, there is no inhibition 
of erythritol penetration by glycerol. In human blood a small acceleration 
effect due to glycerol has been observed. 

Red cells of the foetus of the sheep, guinea-pig and human and of the human 


adult show a facilitated transfer of hexoses (Widdas, 1955). These bloods also 
show a correlation between the penetration constants for erythritol and 


sorbose. Glucose in the medium causes a retardation of erythritol penetration 
as it does sorbose. Inhibitors (p-chloromercuribenzoate and dinitrofluoro- 
benzene) which retard glucose penetration also slow down erythritol 
penetration. 

Red cells from adult sheep and adult guinea-pig blood show a much slower 
rate of erythritol penetration, but instability of these suspensions over the 
long times necessary in the tests makes inhibitor experiments inconclusive. 

It is concluded that erythritol enters human and foetal red cells, at least in 
major part, by using the hexose transfer system, where this exists, but the 
presence of an alternative pathway (not available to hexoses) cannot be ruled 
out. Such a pathway presumably exists in mouse erythrocytes (Ulrich, 1934). 


The glycerol penetration constants do not correlate with those for hexoses, 


and this confirms the previous indications that glycerol does not penetrate by 
using the hexose system. Since erythritol does use the hexose system it 
follows that different penetration constants for glycerol and erythritol are 
inexplicable in terms of the physical chemistry of analogous molecules. 


* In receipt of a personal grant from the Medical Research Council. 


REFERENCES 


Ulrich, H. (1934). Pflaig. Arch. ges. Physiol. 284, 42-50. 
Widdas, W. F. (1953). J. Physiol. 120, 20-21 P. 
Widdas, W. F. (1955). J. Physiol. 127, 318-327. 


The decline in sweating with raised rectal temperature. By W.S.S. 
LapELL. Hot Climate Physiological Research Unit, Oshodi, Nigeria 


Decline in sweating in severe heat (Gerking & Robinson, 1946) has been attri- 
buted to glandular fatigue. But some decline is seen after a rest period in 
which’ sweating is light, although there has been a small increase in rectal 
temperature (r.t.) as reported to the Society orally in 1953 (see also Ladell, 
1955). The same phenomenon has now been shown in a group of ten men in 
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various climates; e.g. working in ‘still’ air at 42-2° C, 50% r.h. the mean 2 hr 
sweat production was 1427 ml. in the immediate tests, but after 2 hr rest in 
the heat it was 1204 ml. Mean r.t.’s were 38-3 and 38-8° C in the ‘immediate’ 
and ‘delayed’ tests respectively. This effect of a preliminary rest on a sweating 
is statistically significant; from variance analysis P<1°%>0-1%. Diminished 
sweating was always associated with the higher r.t. 

McArdle’s sweat rate/r.t. curves for men during acclimatization (Ladell, 


_ 1951) indicate the same tendency. Initially sweating increases as r.t. rises, but 
a point is reached when with further rises sweating diminishes; this was 
attributed to sweat-gland fatigue, but the curves indicate a continuous 


decrease in sweat-gland response per unit rise in r.t. as the r.t. rises. Observa- 


tions on Africans being acclimatized in air at 50 ft./min, 37-6° C, 77% r.h. 


fitted the regression 


Rise in r.t. 


K rose from 24 to 29 during acclimatization, but b was constant at 0-58. 
Deviations from the regressions were significantly less than those due to error. 


= Ke-Wtise in rt.) 


_ Regressions of this form, but with different constants, may be derived for other 


climates. It appears that for any individual under given conditions there is 
a limiting r.t.; if this is passed sweating diminishes and a vicious circle could 
be.set up leading to heat hyperpyrexia, which, it is suggested, could therefore 
be considered the normal physiological outcome of severe heat stress and 
implicit in the nature of the neuro-glandular mechanism; there is no need to 
postulate some hypothalamic pathology. 


REFERENCES 
Gerking, S. D. & Robinson, 8. (1946). Amer. J. Physiol. 147, 370-378. 
Ladell, W. 8. 8. (1951). J. Physiol. 115, 296-312. 
Ladell, W. 8. 8 . (1955). Brit. J. industr. Med, 12, 111-125. 


Membrane changes responsible for the small-nerve junctional 
potential. By W. Burxe and B. L. Ginssore. Department of Biophysics, 
University College London 

Stimulation of the small motor nerves supplying the slow muscle fibres of the 

frog causes a non-propagated depolarization, the ‘small-nerve junctional 

potential’ (s.j.p.) (Kuffler & Vaughan Williams, 1953). 

The membrane changes causing the s.j.p. have been investigated in the 
following way. Two micro-electrodes are inserted into slow fibres (m. ilio- 
fibularis), one for recording and the other for polarizing the membrane. When 
a “square-pulse’ of outward current is passed through the membrane a 
depolarization is produced which does not, at any level, lead to an action 
potential or even a local response. Stimulation of the nerve gives rise to a 
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superimposed s.j.p. whose amplitude and electric sign depends on the level of 
the membrane potential. At a certain level of depolarization (the ‘equilibrium 
potential’) no s.j.p. is produced. At any other level, nerve stimulation dis- 
places the membrane potential towards the equilibrium value. 

In six fibres this equilibrium potential was about zero; in two fibres it was 
about 10 and 30 mV, respectively, in the direction of the resting potential. 
Since these values lie between the potentials of the Na and K (or Cl) electrodes, 
the neuromuscular transmitter appears to cause an increased permeability to 
more than one of these species of ions. This conclusion is in agreement with 
those of Fatt & Katz (1951) and Castillo & Katz (1954) on fast fibres. 

The s.j.p. differs from the end-plate potential in that (1) it does not lead to 
a propagated action potential or local response, (2) it decays with a slower 
time course (partly due to the effect of multiple innervation), (3) it is followed 
by a phase of hyperpolarization. These features are due to the electrical 
properties of the slow fibre membrane, and not to the special action of the 
neuromuscular transmitter, for they are qualitatively reproduced by electro- 
tonic depolarization of the membrane. The phase of hyperpolarization could 
be explained if the resting potential of the slow fibres were less than the 
equilibrium potential of a K (or Cl) electrode and depolarization caused a 
prolonged increase in permeability to K (or Cl). The absence of an action 
potential suggests that depolarization fails to produce the transient increase 
in Na permeability characteristic of fast fibres. 


| REFERENCES 
del Castillo, J. & Katz, B. (1954). J. Physiol. 125, 546. 

Fatt, P. & Katz, B. (1951). J. Physiol. 115, 320. 

Kuffier, 8. W. & Vaughan Williams, E. M, (1953). J. Physiol. 121, 289. 


Observations on the release of 5-hydroxytryptamine from the 
gastro-intestinal mucosa. By V. ErsPaMeR 


The cardiac actions of an amino-steroid. By J. M. Rosson and 


J. R. Trounce. Department of Pharmacology, Guy’s Hospital Medical 
School, London 


It has previously been shown (Robson & Sharaf, 1951) that sodium oestrone 
sulphate and other water-soluble steroids produce effects on smooth muscle. 
In the hope of enhancing these effects, an amino group was introduced into 
the steroid nucleus. The pharmacological properties of such a compound has 
been studied. It is 16-dimethylaminomethy]-epi-dehydroandrosterone maleate 
(Compound 358). In the meantime Gould, Shapiro & Hershberg (1954) have 
reported on the cardiac actions of synthetic steroid amines. 
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The most striking action of the amino-steroid was on the heart. In the 


isolated perfused rabbit heart it produced diminished contraction of both 
auricle and ventricle when amounts varying from 0-5 to 2-0 mg were added to 
the perfusing fluid. 

In the intact animal, the effects were studied with the electrocardiogram 
following intravenous administration of Compound 358 (60 mg). Progressive 
changes appeared within a minute of injection, starting with slowing of the 
heart and bundle branch block, then interventricular block and finally bizarre 


ventricular complexes leading to ventricular fibrillation and death. 


The cardiac actions of Compound 358 appeared rather similar to those of 
quinidine. The effects of this substance on multiple ventricular extrasystoles 
produced in the cat by inhalation of chloroform were therefore studied. It 
could be shown that 20-0 mg of Compound 358 given intravenously would 
temporarily abolish this arrythmia, although the effect of the drug wore off 
in a short time. A similar effect was produced by 30-0 mg of Prooaine aaneiet 


intravenously. 


We are grateful to Dr P. G. Marshall of British Schering Limited for the preparation of this 


- gompound and to the Medical Research Council for a grant (to J. M.B.) which defrayed in part the 


expenses of this investigation. 
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The oxidation of L-amino-acids in the digestive gland of Mytilus 
edulis. By H. Buascuxoand D. B. Horr. Department of 
Oxford, and the Marine Biological Station, Plymouth 


The cephalopod liver contains an amino-acid oxidase specific for the D con- 
figuration (Blaschko & Hawkins, 1952). When other molluscan species were 


_ tested for amino-acid oxidase activity, a number of DL-amino-acids were found 


to be oxidized by preparations of the digestive gland of Mytilus edulis. Since 
this species contains an oxidase that acts upon L-arginine and a number of 
other L-amino-acids (Roche, Thoai & Glahn, 1952), we have now studied the 
specificity of the Mytilus enzyme. No evidence for the occurrence of a 
D-amino-acid oxidase was obtained, but a number of L-amino-acids were 


oxidized. Substrates of the oxidase from Mytilus included t-lysine, L-cana- 


vanine, ««'-diaminopimelic acid (the synthetic compound, the LL and the 
meso-isomers), L-phenylalanine, t-methionine, L-cystine, DL-homocystine, 
cystathionine, djenkolic acid and pi-5-hydroxytryptophan. It seems likely 
that all these compounds are substrates of the enzyme described by Roche 
et al., but this has not been fully investigated. 


_ 5-Hydroxytryptophan was also oxidized by the amino-acid oxidase of cobra 
venom. That this amino-acid is readily oxidized by L-amino-acid oxidases is 
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of interest in connexion with the presence of 5-hydroxyindolylacetic acid in 

human urine. This acid is considered to be the product of the action of amine 

oxidase on 5-hydroxytryptamine. While this is certainly true, our present 

findings make it necessary to consider also a second pathway in mammals 

which would lead from 5-hydroxytryptophan to 5-hydroxyindolylacetic acid 

and which would by-pass 5-hydroxytryptamine. 
One of us (D.B.H.) is supported by a Medical Research Council scholarship. 
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Centrifugal spikes in the rabbit’s retina. By E. Dopt*. Nobel Institute 
for Neurophysiology, Stockholm 60, Sweden | | 


Centrifugal fibres have been traced within the retina by Cajal, Dogiel, Polyak 
and others. Recently Granit (1955), recording from single ganglion cells (cat), 
has found that tetanization of reticular structures or pretectal optic fibres is 


B 


Fig. 1. Microelectrode in contact with retina. Stimulating needle electrode in optic tract. A. I, 
effect on delayed spike of stimulus strength, shown in volts against sweeps. Last record 
superposition of 20 sweeps. Time in 500 c/s. II, wpper record, in the dark, lower, in light 
adaptation to show disappearance of delayed spike. Time in 200 c/s. B. Successive sweeps 


at rate 4-5/sec to show, from above downwards, lengthening of latent period of delayed spike. 
Time in 200 ¢/s, as 


* Fellow of the Rockefeller Foundation, Freiburg i.Br. 
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followed by a state of post-tetanic potentiation of both spontaneous activity 


and discharge to a test light. Sometimes inhibition was obtained. 


In rabbits (urethane, Flaxedil) stereotaxically applied shocks to the optic 
tract have now been found to elicit a small late spike, delayed relative to the 


antidromic spikes, by from 7 to 15 msec. With optimal electrode placements it 


may even be obtained in isolation (Fig. 1 AI). Occasionally it responds with 
a brief repetition. The delayed spike is highly sensitive to rate of stimulation 
and state of adaptation, and it can be abolished for up to 30 min by an intra- 
venous dose of Myanesin (50 mg/kg) which is a drug acting in this manner on 
polysynaptic reflexes. At stimulation rate 6/sec the delayed spike disappears. 
Fig. 1 B illustrates the gradual lengthening of the latent period at rate 4-5/sec. 
Light adaptation with strengths just above cone threshold suppresses it 


_ for a while. Use of some 200 m.c. suffices for suppressing it permanently 


(Fig. 1 AIT). None of these agents has any effect whatever on the early 


antidromic spikes. REFERENCE 


Granit, R. (1955). J. Neurophysiol, 18 (to be published, July issue). 


_ Acetylcholine synthesis in the blowfly. By B. N. Smatiman. National 


Institute for Medical Research, Mill Hill, London, N.W.7 


_ The organophosphorous insecticides are strong anticholinesterases, and their 


insecticidal action is attributed to this property. Insects contain cholin- 
esterase in high activity, and recent evidence has established that the central 


nervous system is also rich in acetylcholine (Lewis, Smallman & Hallowes, 


unpublished). However, nothing is known about the ability of insect tissues 
to synthesize acetylcholine. The present experiments show that the head of 


_ the blowfly, Zaciha sericata, contains the synthesizing system in high con- 


centration, and some of its properties are described. 
(1) An acetone powder prepared from fly heads, the larger pieces of cuticle 


| being removed, synthesized several mg of acetylcholine when incubated for 


lhr at 37°C in the presence of ATP, choline, CoA (Pabst 75% pure), 
magnesium, potassium, cysteine, and either citrate or acetate. Under the same 


conditions an acetone powder of guinea-pig’s brain synthesized about 1 mg. 


(2) The synthesis with fly-head powder is dependent on the presence of 
CoA and either acetate or citrate. With the insect preparation, as Balfour & 


Hebb (1952) have found with preparations of mammalian brain, treatment 


with an anion-exchange resin to remove these compounds endogenously present 
abolishes the synthesis or reduces it to very low levels. 

(3) The acetate-utilizing system of fly-head powder was influenced by the 
CoA concentration more strongly than the citrate-utilizing system. In the 


absence of added CoA, powders synthesized 320yug/g/hr with acetate and 


450 ug/g/hr with citrate. On addition of CoA, however, this order was reversed, 
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the acetate-utilizing system being increasingly accelerated above the citrate- 
utilizing system until, at a CoA concentration of 0-004%, 10,600 ug/g/hr was 
synthesized with acetate and 4160yug/g/hr with citrate. Acetylcholine 
synthesis in the blowfly thus differs from that in the mammalian brain in its 
greater ability to use acetate as acetyl-donor. | 
(4) One blowfly head yielded about 0-4 mg acetone powder. Since the fresh 
brain weighs only about 0-2 mg (Lowne, 1893), a large proportion of the powder 
must have been derived from other structures of the head. On the assumption 
that these did not contribute to the synthesis, the rate per hour, calculated 
from the highest yield, would be of the order of over 20 mg of acetylcholine 
per gram fresh brain tissue. 3 
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The quantal composition of the mammalian end -plate potential. 
By I. A. Boyp and A. R. Martin. Department of Biophysics, University 
College London | 

It has been shown by Castillo & Katz (1954) that the end-plate potential at 

myoneural junctions of frog muscle is built up of small all-or-none ‘quanta’ 
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Fig. 1, Histogram showing distribution of amplitudes of end-plate responses and spontaneous 
miniature potentials (inset) at a single end-plate with transmission blocked by magnesium 

(12-6 mm). Full line: theoretical distribution of amplitudes, calculated as described by 

Castillo & Katz (1954). Expected number of failures shown by arrows. 3 


© 


é 
ag 
‘G 
33 
a 
“4 
4 
i 
Fy 


SOCIETY, 21 MAY 1955 | 15 P 


which are identical in size and shape with the spontaneously occurring 
‘miniature e.p.p.’8’. Intracellular recording from the tenuissimus muscle of 
the cat (Boyd & Martin, 1955) has shown that the mammalian end-plate 
potential is of similar composition. 

When the mean amplitude of the e.p.p. is reduced to 1 to 2mV, by the 
addition of magnesium to the external solution, its quantal composition is 
clearly demonstrated (Fig. 1). The peaks of the amplitude distribution 
correspond to simple multiples of the mean amplitude of the spontaneous 
potentials. In addition, the number of failures of response to stimulation of 
the nerve agrees nontr with that predicted by statistical sone 
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‘Two-tone’ inhibition at the trapezoid body level. By I. C. Warrrmzp. 


Department of Physiology, University of Birmingham 


In recording from single units at the root of the auditory nerve in eee 
Galambos (1944) first showed that spontaneous activity could be inhibited by 


tonal stimuli, and that the activity due to one tone could similarly be in- 


hibited by simultaneous stimulation with another. In certain cases he showed 
that a tone below the ‘characteristic frequency’ of a fibre, while itself capable 
of stimulating when sounded alone, could inhibit the response produced by 


_ a second tone at the characteristic frequency. In a recent study Tasaki & 


Davis (1955), however, failed to produce inhibition of spontaneous activity by 
tonal stimulation, in recordings from the body of the cochlear nucleus in the 


guinea-pig. 
Using the technique of Hilali & Whitfield (1953), inhibitory effects have been 


studied in recordings from single units in the trapezoid body of the cat. The 


occurrence of inhibition of spontaneous activity by tonal stimuli, and of the 
inhibitory effect of one tone upon another, has been demonstrated at this level. 


_ Especially is ‘mutual inhibition’ observed between two adjacent tones. In the 


great majority of cases (though not all) two tones near the characteristic 
frequency, which are equipotent in producing a discharge when sounded 
separately, give little or no response when sounded together. Thus a tone of 
3100 c/s (+20db on threshold) gave a response of mean rate 25/sec, and a tone 
of 4000 c/s (+23db) a response rate of 23/sec. When sounded simultaneously 


- at the same intensities the response was 4/sec. In many cases the response is 
_ reduced to zero. 


The nature of the intensity/discharge-rate relation in the trapezoid body, 
which leads to a more nearly ‘on-off’ response at this level, has been previously 
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referred to (Hilali & Whitfield, 1953; Whitfield, 1953). It is suggested that one 
of the functions of inhibition in the cochlear nucleus (in addition to the part 
it may play in the * squaring: process) is that of inhibiting specifically those 
fibres lying between two ‘active arrays’, and thus preventing the coalescence 
of the active regions, with consequent loss of the individual identity of the 
two stimuli. | 

This work has been aided by a grant from the Royal Society. 
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Studies of ionic mobilities in the giant axon of the squid by 
means of an intracellular electrode system. By P. C. CALDWELL. 
Biophysics Department, University College London 


A double electrode, consisting of two 50 capillary electrodes joined together 
with picien wax, has been inserted into the giant axon of the squid, Loligo 
forbesi. One of the capillaries was filled with 0-001 m-KCl and the other with 
3 m-KCl. The variations in the potential difference between the two capillaries 
when the double electrode is placed in the axon and in various electrolyte 
solutions have been studied. From the results it is possible to obtain informa- 
tion about the relative cation and anion mobilities in the axoplasm. The 
cations in the axoplasm are found to have a greater average mobility than the 
anions. 


Solutions, the ionic scitincltiotes of which were like that of squid axoplasm, | 


have also been studied. Their compositions were based on the analytical 
figures of Steinbach & Spiegelman (1943), Keynes & Lewis (1951) and Koechlin 
(1954). They gave results with the double electrode which were close to those 
obtained with squid axoplasm. Their electrical resistances were measured, and 
the values obtained were close to that given by Cole & Hodgkin (1939) for 
the axoplasm. These experiments suggest that most of the ions in squid axo- 
plasm are not bound, but have mobilities similar to those in aqueous solution. 
Such a conclusion is consistent with that of Hodgkin & Keynes (1953) spout 
the mobility of potassium in Sepia axons. 
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_ The effect of acetylcholine on touch receptors in frog’s skin. 


By A. 8. Jarrett. Department of Physiology, University College London, 
W.C.1 
In these experiments acetylcholine has been shown to excite impulses in the 
cutaneous nerves of frogs when applied to the skin in a concentration of 


10-4 g/ml. After the discharge of impulses had ceased, the skin was found to be — 


insensitive to mechanical stimuli. This block was reversible, disappearing after 


15 min washing with Ringer’s solution. 


The action of acetylcholine on touch receptors was further investigated by 
making observations on single-fibre preparations. The presence of 10 g/ml. 


acetylcholine reduced the threshold to mechanical stimuli by a mean value of 


10% (six experiments, range 8-12%). Spontaneous shifts i in threshold were 
less than the discrimination of the measuring apparatus (+ 2 '9/, of threshold). 
Curves of latency against stimulus strength for the receptor in Ringer’s 
solution or in 10~* g/ml. acetylcholine were identical if the change in threshold 


_ was allowed for. Hence, the time course of the processes underlying the initia- 


tion of an impulse was unaffected by acetylcholine. The recovery of excitability 
after the initiation of an impulse was unaffected by acetylcholine. 
The rate of adaptation of the receptor was determined by measuring the 


_ critical slope of a linearly increasing mechanical pulse. Acetylcholine 


(10-* g/ml.) was found to increase the value of the critical slope, expressed in 


theobase/sec. 


None of these effects was changed by the presence of atropine, and it seems 


_ improbable that they are due to the action of acetylcholine on smooth muscle. 


These results are consistent with the supposition that the receptor is de- 
polarized by mechanical deformation and that acetylcholine reduces the 
difference between the resting and critical potentials. The increased rate of 
adaptation might be expected if acetylcholine reduces the membrane potential. 
There is no evidence that acetylcholine is concerned in the normal function 
of the receptor, since D-tubocurarine prevents any effect of acetylcholine 
without interfering with the response to touch. 


The intramural organization of the parasympathetic outflow to 
the colon of the rabbit. By R. C. Garry and J. 8. Guespie. 


Institute of Physiology, University of Glasgow 


_ The two pelvic nerves of the in vitro innervated preparation of the rabbit‘colon 
- (Garry & Gillespie, 1954) were stimulated by separate electrodes. Care was 


taken to avoid spread of current from one electrode to the other; stimulation 


_ was by supramaximal rectangular pulses. Isometric and isotonic recording 


were both used. Control stimulations were made at frequent intervals to 
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Series 1. Each pelvic nerve was stimulated separately at 10 pulse/sec for 
10 sec to establish the amplitude of the responses: these were usually very 
similar. Both nerves were then stimulated simultaneously at 10 pulse/sec 
for 10 sec. The response from simultaneous stimulation of the two nerves was 
only slightly greater than the individual responses from stimulation of the 
nerves separately. 

Series 2. When stimulation of one pelvic nerve a 10 alain sec was con- 
tinued ‘ fatigue’ set in rapidly and the initial ‘spike’ disappeared in less than a 
minute. However, so long as the stimulation was maintained there was, for 
at least 1 hr, a steady state of slightly increased tone and of somewhat. 
augmented rhythmical contractions. When, during such continuous stimula-— 
tion of one nerve, stimulation of the other was interpolated for 10 sec, then 
the response from the short stimulation was unimpaired. Indeed, there was 
often some increase in the response. 

The results of Series 1 suggest that the pelvic nerves overlap to a very con- 
siderable extent and have a common site of action somewhere within the gut 
wall. The results of Series 2, however, show that ‘fatigue’, produced by con- 
tinuous stimulation of one nerve, does not reduce the response to stimulation 
of the other nerve. Therefore the site of ‘fatigue’ must be proximal to the site 
of the overlap. 

Although other explanations are possible it is attractive to imagine that 
practically all the ganglion cells of the myenteric plexus in this region of the 
colon are innervated by both pelvic nerves. Here is the overlap and site of 
common action. Simultaneous maximal stimulation of the two pelvic nerves 
therefore evokes a response little greater than that from stimulation of either 
nerve alone. Proximal to the ganglion cells are the endings of the preganglionic 
fibres, When one pelvic nerve is stimulated continuously the ‘fatigue’ may be 
due to reduction in the quantity of transmitter set free at the endings of the 
corresponding preganglionic fibres. The ganglion cells themselves will, however, 
be in a state to respond to transmitter. Stimulation of the preganglionic fibres 
of the other pelvic nerve will therefore cause an undiminished response. 


REFERENCE 
Garry, R. C. & Gillespie, J. 8. (1954). J. Physiol, 128, 60-61 P. 


' Mechanism of the contraction of the longitudinal muscle of the 
isolated guinea-pig ileum, caused by raising the pressure in 
the lumen. By H. W. Kosrerurrz and Juprra A. Roprnson. Depart- 
ment of Physiology, University of Aberdeen : 
Evidence has recently been presented for the view that the contraction of the 
longitudinal muscle fibres due to the filling of the lumen of the isolated guinea- 
pig ileum is elicited by a stretch’ on tangentially arranged receptors and not by 
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a stretch on the fibres themselves (Kosterlitz, Pirie & Robinson, 1955). If this 
is so, some kind of mechanism has to be postulated which acts as an inter- 
mediary between the stretch on the receptors and the contraction of the 
longitudinal muscle fibres. 

The findings of Schaumann, Jochum & Schmidt (1953), that morphine 
inhibits or reduces the contraction of the longitudinal fibres, have been con- 
firmed. This action of morphine was also observed both in the presence of 
hexamethonium (30 mg/l.) and after storage of the ileum at 4° C for 24 hr. The 
maximum effect was usually obtained with 60-120yug/]. morphine; the inhibi- 
tion was, however, not always complete. Mepyramine (60,g/l.) or cocaine 
(15-30 mg/l.) had no inhibitory effect while atropine (30yg/l.) reduced the 
response somewhat but always less than the response to carbachol. Morphine 
had no effect on the contractions caused by carbachol or substance P, some- 
times reduced the response to histamine to a small extent, and had a very 
considerable inhibitory effect on the action of 5-hydroxytryptamine (HT). 
However, the contraction due to filling of the lumen differed from that caused 
by HT in that it was not inhibited by cocaine or dibenamine (60 g/I.), which 
latter substance is a powerful antagonist of HT (Gaddum, Hameed, Hathway 
& Stephens, 1955). Saturation of the tryptamine receptors by large doses of 
HT also did not inhibit the contraction due to filling. 

This evidence is not inconsistent with the view that the contraction due to 
filling and that caused by HT are both mediated by a mechanism which is at 


least partially inhibited by morphine. The possibility has to be considered that 


the interstitial cells of Cajal may be the anatomical substrate of this mechanism 


(MacKenzie, Kosterlitz & Robinson, 1955). 
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The action of brain extracts, acetylcholine and histamine on 
the electrical activity of the cerebellum. By J. CrossLanp and 
J. F. Mrronett. Department of Physiology, United College, University of 
St Andrews 


If the central nervous system contains any synaptic transmitter substance 
other than acetylcholine it might reasonably be expected to be present in 
highest concentration in the cerebellum which, in spite of a high cell density, 
has a very low acetylcholine content (Crossland & Merrick, 1954). We have 


it therefore studied the effect of trichloroacetic acid extracts of the cerebral 
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hemispheres, brain stem and cerebellum of the rabbit on the electrical activity 
_ of the cerebellum of the decerebrate rabbit. 
The intra-arterial injection of extracts of very small amounts (20-40 mg) 
of all areas of the brain had an excitatory action on the cerebellum as evidenced 
by the production of rapid bursts of high amplitude spikes, which appeared 
about 10 sec after injection and persisted for some 15-45 sec. The excitatory 
action of extracts of the cerebral hemispheres and brain stem could be attri- 
buted to acetylcholine, for it was abolished by alkali treatment and could be 
mimicked by doses of acetylcholine (0-05-0-10ug) equivalent to the acetyl- 
choline content of the extracts, as determined before the experiments by 
assay on the frog rectus preparation. The activity of the cerebellum, however, 
was not due to acetylcholine, for it resisted alkali treatment and the acety]- 
choline content of the injected extracts (approximately 0-01 ug) was well below 
the minimum required for excitation. 

The cerebellum was found to be extremely sensitive to the action of hist- 
amine, 0-05—0-15 wg of the base having a marked excitatory action. This effect, 


time of appearance could not be advanced by injecting histamine in an 
acetylcholine- and histamine-free brain extract. Moreover, histamine, unlike 
the active substance in cerebellar extracts, is not completely resistant to 
boiling in an alkaline solution. 

The nature of the excitatory substance has not yet been determined but 
ATP, propionylcholine, phosphorylcholine, substance P, 5-hydroxytrypt- 
amine and sympathin can be easily excluded on one or more of the grounds of 
lack of effect on cerebellar activity, chemical properties and distribution in the 
central nervous system. 

The possibility that the cerebellum may be relatively rich in histamine 
(Kwiatkowski, 1943) lends some interest to its high sensitivity to injected 
histamine, but the identification of the substance responsible for the immediate 
excitation of cerebellar activity might throw more light on the problem of 
synaptic transmission from non-cholinergic neurones. 
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The dimensions of a cortical motor point. By C. G. Paruirs. 
University Laboratory of Physiology, Oxford 

The results of electrical stimulation of the motor cortex are conventionally 

summarized in a map of motor ‘points’. In an attempt to estimate the 

minimum field of corticospinal cells responding to near-threshold punctate 


however, did not become apparent until 70-120 sec after injection, and its — 
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stimulation, single neurones in the pericruciate cortex of cats (under hexo- 
barbitone) have been entered with an intracellular electrode, and their identity 
proved by antidromic excitation from the ipsilateral pyramid. The cellular 
thresholds for monopolar single-pulse stimulation (surface positive or negative) 
of the cortex vertically overlying the cell, and at different horizontal distances 
from it, have been determined and compared with the threshold for forelimb 
movement, 


The membrane potential of such a neurone may stay steady for several — 


seconds, but is often disturbed by oscillations, some of which, reaching a 
liminal voltage, set up spikes, These may arise sporadically or in regular trains, 
commonly at 10-50 c/s. 


— 
4 & 


Fig. 1. Intracellular recording from a corticospinal neurone. Time scale and voltage zero marked 
by uppermost beam of each pair. Upper pair: time scale 100 o/s. Part of a continuous record 
showing oscillating membrane potential (—51 to - 60 mV) and a series of impulses of which 
the fifth and twelfth are due to antidromic stimulation and the rest are natural. Lower pairs: 
the same two antidromic impulses and shock artifacts on an expanded time scale (1000 ¢/s.). 


Single 10-0 msec shocks to the cortex readily excite the cell. Latency and 
course of depolarization differ in different experiments, as do threshold current 
and optimum polarity of the stimulus. For vertically overlying shocks 0-02 to 


0-2 mA have been needed. 0-1 mA may cause high-frequency bursts (Adrian & 
Moruzzi, 1939). At 3-0 mm horizontal distance the threshold is about 0-18 mA, 


and at 5-0 mm 0-4 mA. The threshold for forelimb movement is 0:5—-1-2 mA. 


Stimulation is selective, in that most of the polarized membranes encountered 


(resting potentials 70-85 mV) are not depolarized by shocks causing movement. 
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Similarity between the behaviour of striated muscle deficient in 
calcium and that of certain smooth muscle.- By Epirx Bitsrine. 
Department of Pharmacology, University of Oxford . 

Frog’s striated muscle when immersed in 0-6% sodium chloride solution 

exhibits rhythmic contractions (see Mines, 1908) and responds, like a sensory 

organ, to pressure and to stretch with an increased discharge of impulses 

(Adrian & Gelfan, 1933). The present observations were made using Krebs’s 

solution of frog tonicity, but containing only 0-125 mm-CaCl, and 0-23 mm- 


KCl, to irrigate the muscle. Continuous rhythmic activity could then be 


maintained for longer periods than in sodium chloride solution. The muscle 
was fully curarized. In these conditions the behaviour of the striated muscle 
was similar to that of normal smooth muscle, e.g. the taenia coli of the guinea- 


pig, which exhibits a spontaneous rhythm of activity. Both muscles respond - 


to stretch with a graded increase in the rate of impulse discharge directly 
related to the increase in tension. Both muscles show fluctuations in the rate 
of activity which can be related to fluctuations in tension. Both muscles are 
stimulated by histamine, though histamine has no effect on normal striated 


muscle. 
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The quantum efficiency of bleaching of rhodopsin in situ. By 
W. A. Haains. Physiological Laboratory, Cambridge 


It has been shown by Collins & Morton (1950) and by Wald, Durell & St George 
(1950) that when mammalian rhodopsin is illuminated in solid solutions at low 
temperatures or in dry gelatin films, it may be converted quantitatively into 
light-stable intermediate substances. If the solutions are then warmed or the 
films moistened in the dark, about half the irradiated rhodopsin bleaches to 
orange or yellow end-products and half is recovered as a photosensitive 
mixture of rhodopsin and closely similar isorhodopsin. The net result of 
allowing each rhodopsin molecule present at the beginning of such experiments 
to absorb at least one quantum of visible light is the bleaching of only one 
molecule in two. Consequently, the ratio of molecules bleached to quanta 
absorbed, the quantum efficiency of bleaching, cannot be greater than about 
0-5. In living retinas, the intermediates produced by illuminating rhodopsin 
are very short-lived, but if they are formed by a flash so short that they do 
not decay while it lasts and so intense that nearly every molecule of photo- 
pigment absorbs at least one quantum, then the fraction bleached by the flash 
represents an upper limit for the overall quantum efficiency of bleaching. 
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Decerebrate albino rabbits were arranged so that the reflectivities of areas 


_ of their ocular fundi could be measured and recorded continuously with a 


cathode-ray oscillograph. Flashes from a xenon-filled discharge tube were 
delivered to the same areas of retina and the amounts of rhodopsin bleached 
were computed from the increases in reflectivity of the fundi after each flash. 
It was found that, no matter how bright the flash, so long as it lasted less 
than about 1 msec it could bleach no more than half the rhodopsin in an 
illuminated area, the exact fraction being almost independent of the initial 
amount of photopigment, of spectral composition of the flash, and of tempera- 
ture over the range 20-38° C. The maximum quantum efficiency of bleaching 
in the living rabbit eye is therefore not greater than about 0-5. 

Now, Hecht, Shlaer & Pirenne (1942) have suggested that the number of 
rods excited in the dark-adapted human eye by a minimal stimulus is equal to 


the number of quanta absorbed by rhodopsin from the stimulus. If so, and if — 


human and rabbit rhodopsins are photochemically alike, bleaching would not 
be needed for excitation of rods. Alternatively, a quantum absorbed vip have 
but one chance in two of exciting a dark-adapted human rod. 
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A comparison of the blood flow through the hand during local 


heating, release of sympathetic vasomotor tone by indirect 
heating and a combination of both. By I. C. Roppie and J. T. 
SHEPHERD. Department of Physiology, The Queen’s University of Belfast 


- The blood flow through both hands of six normal subjects was measured by 


venous occlusion plethysmography. When the temperature of the water in one 
plethysmograph was raised from 32 to 44-45°C the flow increased to an 
average value of 33 ml./100 ml. hand/min (range 23-42 ml.), while that through 
the opposite hand (plethysmograph temperature 32° C) remained substantially 
unaltered. The legs were then immersed to knee level in water at 44° C, and 
the rest of the body wrapped in blankets in order to release sympathetic vaso- 
motor tone. The blood flow through the heated hand increased to an average 
value of 50 ml. (range 34-61 ml.), while that through the opposite hand increased 
to an average value of 28 ml./100 ml. hand/min (range 15-36 ml.). In similar 
experiments where sympathetic vasomotor tone was released by immersion of 
the subject’s body to the level of the xiphisternum in water at 42°C the 
average blood flow through the heated hand (plethysmograph temperature 
44—45° ” was 54 ml. (range 41-61 ml.), while that through the opposite hand 
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(plethysmograph temperature 32°C) was 35 ml./100 ml. hand/min (range 
20-46 ml.). 

It is concluded that simultaneously applied local heating and release of 
sympathetic vasomotor tone increases the hand blood flow considerably above 
the level that can be reached by applying either procedure separately. 


The capacity of the blood vessels in the humanforearm. By A. D.M. 


GreEenFIELD and G. ©. Patrerson. Department of Physiology, The 
Queen’s University of Belfast 


"An index of the ability of the blood vessels of the human forearm to hold blood 


(the capacity) has been obtained by adding the increase in forearm volume 
obtained when the forearm is exposed to a pressure of —100 mm Hg to the 
decrease in forearm volume obtained when the forearm is exposed to a pressure 
of +200 mm Hg. The capacity is unchanged when the blood flow through the 
forearm is increased by local heating, by releasing sympathetic vasomotor 
tone or by exercising the forearm muscles. 


The concentration of 5-hydroxytryptamine in human blood and 
its absorption by platelets. By R. M. Harpisry and R. 8. Stacey. 
Departments of Pathology and Therapeutics, St Thomas’s-Hosytal Medical 
School, London, S.E.1 

It has been shown that HT in the blood is contained almost entirely in the 

platelets provided these are maintained intact (Humphrey & Jaques, 1954; 

Udenfriend & Weissbach, 1954). The following method of estimating the HT 

content of whole blood depends on this observation. Human blood was 

collected in siliconed glassware with disodium ethylene-diamine tetra-acetate 

(Versene) (1-0 g/100 ml.) or sodium citrate (3-1 g/100 ml.) as anticoagulant in 

the proportion of 1 part to 9 parts blood. Platelet-rich plasma was obtained by 

centrifuging the blood for 10-20 min at 100 g, and platelet counts were carried 
out on platelet-rich plasma and whole blood. Platelet-rich plasma was 
extracted with 19 vol. acetone, filtered, and the acetone evaporated from the 
filtrate in vacuo below 35° C. The HT in the residue was estimated on the rat 
uterus and the concentration in platelets and blood calculated. In each of 
four experiments in which HT was added to plasma, recovery was over 90%. 
Estimations on thirty-five normal subjects (twenty-three male and twelve 


female), mostly between 25 and 40 years of age, gave the following mean — 


values: 57 + 18 ng/10® platelets and 160 +60 ng/ml. blood. When whole blood 


was used instead of platelet-rich plasma and the same method of extraction — 


and assay followed, less than half the HT estimated by the above method was 
found, and similarly low values were obtained with serum. 
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The absorption of HT by platelets was observed after the addition of HT to 
platelet-rich plasma to give final concentrations of 0-8-1-2yg/ml. Following 
incubation the platelets were separated by centrifugation and the HT in them 
extracted with acetone and assayed. Rapid absorption occurred at 37° C 
during the first 45 min and thereafter at a slower rate. At 30° C the rate of 
absorption was approximately half that at 37° C and at 20° C little absorption 
occurred. With the concentration of HT used, platelets approached saturation 
after 90 min incubation at 37° C. The mean value reached in this time in four 
cases was 147 ng/10® platelets, the mean initial value being 58 ng/10° platelets 
corresponding to approximately 40% saturation. 
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Mass, concentration and thickness of living cells in tissue culture. 
By R. Barer and D. A. T. Dick. Department of Human en 
University of Ozford 


It has been shown (Barer, Ross & Tkaczyk, 1953; Barer & Joseph, 1954, 1955) 
that the concentration of solids and water in living cells can be measured by 
immersion refractometry. A combination of refractometry and phase-change 
measurements using interference microscopy enables mass, concentration and 
thickness to be determined (Barer, 1953). These methods have been applied 
to chick heart fibroblasts and snail amoebocytes in tissue culture. Changes in 
thickness and water content of the cytoplasm in response to osmotic changes 
in the medium have been measured. The mean solid concentration in the 
cytoplasm of chick fibroblasts is 18-1°% in 1-0% salt and 11-7 % in 0-7 % salt. 
In a typical case the cytoplasmic thickness at the region measured increased 
from 1-44 to 2:12 on changing to the more dilute medium. The dry mass 
remained essentially constant (2:60 and 2-49 x 10-™ g/u*), but the wet mass 
increased from 14-9 to 21-7 x 1074 g/u?, The mass of water per square micron 
rose from 12-2 to 19:3 x 10- g. Thus, the change in medium resulted in the 
passage of 7-1 x 10-18 g of water per square micron into the cell, a quantity 


- equal to about three times the dry mass. The method has obvious advantages 
_ for the study of osmotic changes in irregularly shaped cells. 


Estimates of solid concentration have also been made for the nucleus and 
nucleolus. In chick fibroblasts in 0-°7°% salt the solid concentration in the 


nucleoplasm is probably between 9-7 and 11:7%. The most likely range of 


nucleolar concentration is between 15 and 25%. The ratios of concentration 
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good agreement with the values found by Nurnberger, Engstrém & Lindstrém 
(1952) in dried nerve cells, using X-ray microradiography. 

The measurement of very low-phase changes was carried out with a Baker interference micro- 
scope equipped with a special half-shade eyepiece. We are grateful to Messrs C. Baker for the loan 
of this eyepiece. | 
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Effect of heat exposure on urinary excretion of adrenocorti- 
costeroids in man. By K. J. Cottins, K. Barsara J. 
Lunnon and J. 8. WEINER 


Vaginal blood during pregnancy in the rat. By J. F. D. Frazer. 
Department of Physiology, Charing Cross Hospital Medical School, London, 
W.C.2 

Long & Evans (1920) described the occurrence of red cells in the anterior 

vaginal wall of the rat from the 13th to 16th day of pregnancy, and stated that 

in this species free red cells were never found at other times. Although Barns, 

Lindan, Morgans, Reid & Swyer (1950) took the ‘placental sign’ as an indica- 

tion of the 14th day of pregnancy, they noted that it did not always give 

a true indication of this. Further, Corbett & Leite (1950) have found occult 

blood pigment in the vagina (both in pseudopregnancy and pregnancy) on 

almost any day between the 3rd and 13th, in addition to a few cases of 

“placental sign’. In cases of foetal death produced experimentally during the 

llth to 14th days, Nelson & Steinburger (1952) found coincident vaginal 

bleeding, while Nelson & Evans (Nelson, Lyons & Evans, 1951; Nelson & 

Evans, 1953, 1955) found that foetal death was associated with vaginal 

bleeding about the 9th to 11th day of pregnancy when the mothers were 

receiving deficient diets. 

Examination of large numbers of pregnant rats has shown that blood or red 
cells may be found in the vaginal smear at any time from the 2nd to 16th day. 
(Rats were not examined later in pregnancy than this.) Experimentally 
produced foetal death, whether traumatic or not, was accompanied by the 
presence of blood in the maternal vagina. Normal pregnant rats were also 
killed when vaginal blood became apparent, and the majority of these were 


found to have suffered foetal loss already; in some others, blood was present 
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__ in the uterus, although no obvious foetal loss had occurred. Thus, the evidence 
_ is not sufficient to state that blood in the vagina always indicates foetal loss, 
_ although it is apparent that foetal loss is very frequently attended by vaginal 
blood, and that this is not confined to any particular period in pregnancy. 
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The counter chronometer method for recording pulse-wave 
velocity. By J. F. Harz, D. A. McDonatp, M. G. Taytor and 
J. R. Womerstey. Department of Physiology, St Bartholomew’s Hospital 
Medical College, London, E.C.1 


In order to study the transmission of the pressure wave of the pulse in relation 
to the physical properties of the vascular system it is desirable that the wave 
velocity should be measured accurately over a short arterial distance. We have 
therefore developed a new method which is both accurate and easy to record. 

This method makes use of the ‘Cintel’ microsecond counter chronometer 
(Cinema Television Ltd). This consists, in essence, of a quartz crystal oscillator 
and a series of six decade counters which will thus record an interval between 
two signals of up to 10° oscillations. Two alternative crystals are provided, 
one of 1 Me/s frequency which will record up to 1 sec to the nearest micro- 
second, the other of 100 kc/s frequency. The crystal oscillators are stated to 
be accurate to less than 0-0025%. The counter is started by a positive-going 
pulse of 20 V or more to the ‘start’ gate and stopped by a similar pulse to the 
‘stop’ gate. It is then reset by a manual button and the operation may be 
repeated as fast as one can record the dial readings. 

The start and stop pulses were supplied by Schmitt triggers slightly modified 
from the circuit of Dickinson (1950). The pulse wave was recorded by two 
capacitance manometers whose output was fed to the triggers which could be 
set to fire at any desired point on the pulse. The manometer connected to the 
upstream recording point thus fired the trigger which started the chronometer 
and the downstream manometer fired the stop signal. The point on the pulse 
wave where transmission time was measured was observed by displaying each 
wave and its trigger signal on a Cossor double-beam oscilloscope. The matching 
of the level at which the trigger fires on the proximal and the distal pulse is the 
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most obvious source of error in the method. Without further modifications, 
the most precise measurement to make is from peak to peak. 

The sites of recording have been in the femoral artery and the aorta of the 
dog. Separate cannulas in two side-branches were used in the femoral artery. 
In the aorta a modified double-lumen cardiac catheter was introduced from 
the femoral artery. Values measured in preliminary experiments varied from 
350 to 540 cm/sec in the femoral, from 230 to 300 cm/sec in the thoracic aorta 
and from 300 to 400 cm/sec in the abdominal aorta. The distance apart of 
recording points varied from 5 to 9-5 cm. The mean pressure in all animals was 
between 100 and 120 mm Hg. 

REFERENCE 
Dickinson, C. J. (1950). Electrophysiological Technique. London: Electronic Engineering. 


The mechanism of constriction of the ductus arteriosus in the 
newborn lamb. By G. V. R. Born, G. 8. Dawes, Joan C. Mort and 
Barpara R. Rennicx. Nuffield Institute for Medical Research, University 
of Oxford | 

When a lamb recently delivered by caesarian section is adequately ventilated, 

the arterial °,0, saturation rises and the ductus arteriosus constricts within 

a few minutes, though closure is not complete. If the 0, saturation is then 

reduced, the ductus dilates. The constriction occurs after bilateral vagotomy 

and thoracic sympathectomy, after destruction of the brain and spinal cord, 
on ventilation with 7-10°% CO, in Og, in the presence of increased or decreased 


pulmonary and systemic arterial pressures and whether or not the umbilical — 


cord has been tied. When the circulation is in the foetal condition the ductus 
constricts to a small extent on raising the foetal arterial 40, saturation by 
ventilating the ewe with O,, and to a greater extent when the % O, saturation 
is further increased by replacing the placenta with the ventilated lungs of 
a twin lamb. The ductus also constricts reversibly on raising the arterial %/ O, 
saturation in a preparation which includes only the heart, great vessels and an 
artificial oxygenator. i 

These observations suggest that the pO, may cause an alteration in the 
calibre of the ductus by a direct action. However in many lambs delivered 
under local anaesthesia and breathing spontaneously a cardiac murmur 
characteristic of flow through a constricted ductus appears at a low arterial 
% 0, saturation. In lambs under general anaesthesia, in which the ductus is 
observed directly, the same phenomenon occurs. When the umbilical cord is 
tied and the lamb is underventilated the ductus often constricts during the next 
10-20 min at arterial O, saturations as low as 10%. This was thought likely to 
result from the liberation of sympathetic amines by asphyxia, and it is found 
that infusions of adrenaline or noradrenaline into the foetus also cause a 
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reversible constriction of the ductus, without any great change in the arterial 
% 0, saturation. The constriction observed during underventilation is not 
necessarily permanent, since a progressive increase in ventilation, such that 
the arterial O, saturation rises to 50-60% may be followed by a gradual 
dilatation of the ductus. 


_ Some respiratory studies on the effect of want of oxygen in man. » 


By R. 8. Cormack, D. J. C. Cunntnenam and J. B. L. Ger. University 
Laboratory of Physiology, Oxford 
When a subject breathes air deficient in oxygen the resulting iy pdiiinces 
causes @ fall in the alveolar pCO,. It has long been recognized that the hyper- 
_ pnoea would be greater if it were possible to avoid the acapnia; only then could 
the response to anoxia alone be measured. Gray’s (1945) ‘oxygen ventilation 
- equation’ makes allowance for the acapnia. 

A method has been devised for measuring directly the response to anoxia in 
man without any significant change in the alveolar pCO,. The alveolar pCO, 
was recorded continuously with a rapid CO, meter. Rotameters supplied gas 
mixtures directly to the subject and the observer was able to add to the 
inspired air enough CQ, to counteract any change in the alveolar pCO, when 
the ventilation increased. 

The ventilations recorded in five subjects were plotted against alveolar pQ,. 

_ The data are quantitatively inconsistent with the relationship expressed by 
Gray’s ‘oxygen ventilation equation’, the curve for which lay weenie nearly all 
the experimental points. 

The ventilatory response to anoxia in ic aboot free fii acapnia may be 
deduced from the alveolar air data of FitzGerald (1914) on individuals 
acclimatized to high altitudes. Our data are quantitatively consistent with the 
resulting curve, but the scatter is considerable. 

In addition, the response to anoxia was investigated when the alveolar 
pCO, was kept constant at about 5 and 10 mm Hg above the resting value. In 
four out of five subjects the increment in ventilation resulting from anoxia alone 
was much greater at the higher levels of alveolar pCO,, the differences between 
the increments being statistically significant in most cases. This indicates some 
positive interaction between the CO, and anoxic stimuli and is inconsistent with 
Gray’s multiple factor theory which assumes no interaction between stimuli. 

A similar interaction in man has been shown by Nielsen & Smith (1951) 
using a different approach. On the other hand, a negative interaction has been 
found by Cross, Hooper & Lord (1954) working on newborn infants; they 
showed that anoxia depressed the response to CO,. Similarly, a high level of 
arterial pCO, is reported to depress the response to anoxia in anaesthetized 
animals (Astrém, 1952) and to chemoreceptor nerve stimulation in anaes- 
thetized and decerebrate animals (Metz & Bernthal, 1953). 
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A delayed, slow contracting effect of plasma and serum due to the 
formation of a substance resembling kallidin and bradykinin. 
By M. Scuacuter. Department of Physiology, University College London 


Bovine, guinea-pig, human, dog and rat plasma, or serum, were observed to 
produce a delayed, slow contraction of the isolated guinea-pig ileum. This 
effect is not due to an activity initially present but to the formation of a highly 
active smooth muscle-stimulating substance by dilution of the plasma with 
Tyrode in the test system. It is best observed with dialysed plasma, since 
dialysis eliminates the quick contracting agents. 

This phenomenon became evident during attempts to assay the slow- 
contracting activity of various plasmas. It was found that the delayed, slow 
contraction could not be assayed because an optimal effect was reached with 
relatively small amounts of plasma, increased amounts producing smaller 
effects. The contraction is unaffected by antagonists of acetylcholine, hist- 
amine, or 5-hydroxytryptamine. 

Results. (1) The addition of 0-1-2-0 ml. of dialysed plasma to a 17 ml. organ- 
bath produces a delayed, slow contraction of the guinea-pig ileum. The delay 


of contraction varies from 20 sec to 2 min after the addition of plasma to the 


bath and maximal contraction is reached in 2-6 min. The delay of contraction 
is reduced to about 5 sec if the diluted serum is incubated for 1-10 min and 
then added to the bath; also, the contraction is now maximal in about 
60 sec. | 

(2) The optimal plasma concentration varies with the species. Thus, 
dialysed guinea-pig plasma produces its greatest effect when amounts added 
to the bath produce a concentration of approximately 1/75; bovine plasma at 
about 1/20. 

(3) The active substance is destroyed in diluted plasma in 10-60 min. 

(4) Once the active substance has been formed in diluted plasma, kallikrein 
fails to release kallidin; renin, however, still releases large amounts of a slow- 
contracting substance from the same sample. 

(5) Once the active substance has been formed in diluted plasma, trypsin 
releases little or no bradykinin. 

(6) Treatment of plasma with small amounts of soya-bean trypsin inhibitor 
before dilution prevents the formation of the smooth muscle stimulant; ovo- 
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mucoid trypsin inhibitor is without effect. Neither of these inhibitors abolishes 
the action of the smooth muscle stimulant after it is formed. 

(7) It is suggested that the phenomenon described is due to activation by 
dilution of the kallikrein-kallidinogen-kallidin system or of one similar to it. 


The effect of body warming on the blood flow through human 
muscle. By H. Barcrort, K. D. Bock, H. Henset and A. H. Kircuin 


Respiratory responses of vagotomized cats. By J. Freeman and 


R. W. Torrance 
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Primary polydipsia produced by osmotic and electrical stimula- 
tion of the hypothalamus. By B. Anprrsson and S. M. McCann. 
(Film) 


Measurement of oxidation-reduction potentials and pH of tissues . 


in vivo. By D. B. Carer,* A. F. Parurmst and I. A. Sitver. 

Departments of Pathology, Radiotherapeutics, and Zoology, University of 

Cambridge 7 
Platinum electrodes, inserted into various tissues of an anaesthetized rat, take 
up definite potentials (Cater & Phillips, 1954) which show characteristic 
changes following the administration of oxygen and of certain drugs. An 
apparatus has been developed to record the potentials at eight electrodes. The 
electrodes for oxidation-reduction potential measurements are of platinum or 
other noble metal, and a small glass electrode with a pointed tip is used to 
record pH changes. Measurements are made relative to a subcutaneous silver- 
silver chloride electrode which is earthed. 

The electrodes rapidly become ‘polarized by currents as small as 10-® amp, 
and good insulation is therefore essential. Hither glass, or ‘Araldite 985 E’, is 
used to insulate the electrodes, and polythene-insulated coaxial cable is used for 
leads. Motor-driven switchgear connects four electrodes in turn to each of two 
separate electrometer valve circuits with input impedance 10" ohms. These 
circuits operate the two moving coils of a ‘Cambridge’ 4-channel recording 
galvanometer, which records every two minutes on each of 8 electrodes, or 
proportionately more frequently if fewer electrodes are in use. The sensitivity 
normally used is 2 mV per millimetre and drift of the zero is less than 1 mV/hr. 
The range of measurement can be altered at will, independently for each chan- 
nel, by applying known voltages to the grid of the idling valve (see Fig. 1). 


An extension of the apparatus allows a known small voltage to be applied to" 


any one electrode, and the current to be recorded by the galvanometer, which 


* British Empire Cancer Campaign Research Fellow. 
+ Saltwell Scholar of the Royal College of Physicians. 
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thus gives a relative measure of the oxygen tension in the vicinity of the 
electrode (Davies & Brink, 1942). 


6K 
> ted To galvanometer 
10K | 
Galvo. ; Contacts on galvo. 
reverse —<—o 
2 } Calibrate 
6K 1SK back External calibration 
+ off Backing battery 
2 
BM12A BM12A SOK i x 
‘ 
A 
Highly insulated pe Sensitivity 
push button 
| 100K 
310K 10K3 


Contacts on galvo, Backing potential 
-6V 


Fig. 1. Balanced electrometer valve circuit with variable sensitivity and working range. 


The apparatus was designed to study changes of oxidation-reduction poten- 
tial in experimental tumours during treatment by radiation, radiosensitizing 
drugs and oxygen. The lactating mammary gland of the rat shows changes in 
oxidation-reduction potential after administration of various hormones, and 
some of these effects will be demonstrated. 
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The righting movements of the freely falling cat (filmed at 
1500 f.p.s.). By D. A. McDonatp. Department of Physiology, 
St Bartholomew’s Hospital Medical College, London, E.C. 1 


The way in which a cat turns over when falling from an inverted position is an 
historic physiological riddle. Marey (1894) was the first to present photographs 
of it on which the physicist Guyou (1894) based a physical theory consistent 
with the conservation of angular momentum. Magnus (1922) filmed the falling 
cat and described the sequence of head, forelimbs and hindlimbs turning suc- 
cessively which is now found in most text-books. Rademaker & Ter Braak 
(1935), on the other hand, stated that the fore- and hindlimbs turned together 
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and that the essential mechanism was a flexion of the body by the contraction 
of dorsal, lateral and ventral body-wall muscles. 

In the present study the turning movements of the cat can be seen with the 
motion slowed some 60-80 times. Contrary to previous observers the sequence 
of events appears to be as follows: (1) the body is flexed at the waist (usually 
ventriflexed but in some cats dorsiflexed) ; (2) the fore part (head and extended 
forelimbs together) rotates through 180°; (3) the hinder part of the body follows 
in the same way; (4) the tail is rotated independently of the body, often making 
up to three complete circles, either contrary to, or with the direction of rota- 
tion of the body. 

The blindfolded animal turns as well as one with its eyes open, although the 
turning may be appreciably delayed. Vision is also essential for a good landing, 
as a blindfolded cat goes flat on to the floor. The movement of the tail seems 
to be in the nature of a fine adjustment, especially in keeping alignment for the 
_ fall once turning is complete. In some cases a definite overshoot can be seen 
to be corrected. 

To ensure that angular momentum is not acquired at the take-off cats were 
also tossed about 2 ft. into the air. They turned, at the top of the throw, in 
exactly the same way as those dropped from the hand. 

Some sequences of the righting mechanism of rabbits and guinea-pigs will 
also be shown. 

The high-speed cinematography was carried out by Mr J. Hadland and financed by the Medical 


Research Council. Conventional cinematography was performed with a camera bought with a 
grant from the Central Research Fund, University of London. 
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A vectorgraph for extracellular currents in grey matter. 
P. E. K. Donatpson and B. H. C. Matraews. Physiological Laboratory, 
Cambridge 

Potential records have often been obtained from the spinal cord by placing one 

electrode in the grey matter and another upon some distant point. But it has 

long been clear that this gives a very incomplete record of the factors under- 
lying integration. By using a pair of fine electrodes close together, recorded 
changes are limited to those occurring close to them, and such a system in fact 
records the component of the action current at the electrode site resolved in 


the direction of the line joining their tips. Now in a bulk conductor such as the 
c2 
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cord the action current can, and in fact does, change its direction rapidly in the 
course of activity; it is valuable to be able to obtain an instantaneous record 
not only of its magnitude but also of its direction. This may be simply achieved 
by using a second pair of electrodes close to the first pair with the tips along a 
line at right angles to the first pair. Then if the first pair deflects the X plates 
of an oscilloscope and the second pair deflects the Y plates, the spot will move 
in a way to show the instantaneous magnitude and direction of the action 
current in the plane of the electrodes. For the deflexion of the spot in each 
direction will be proportional to the action current component in that direc- 
tion; the spot will thus describe the required polar diagram. 


Fig. 1. Vector records from three electrodes following an afferent volley from the frog’s sciatic 
nerve. A. Electrodes in the ventral horn of the spinal cord. Vector diagram interrupted at 
1000 c.p.s. 3B. Electrodes in dorsal grey matter. Left, time-base record; right, vector 
diagram. C. Electrodes in fluid over a root at the cauda equina. Left, time-base record; 
right, vector diagram. Electrode plane parallel to the nerve. ! | 


In practice three electrodes are used, with tips at the corners of a right- 
angled triangle; that at the right angle serves for both directions. The electrodes 
are Ringer-filled microelectrodes with 2-10 u tips separated by 50-500. They 
feed, through cathode followers, two similar differential amplifiers having a 
time constant of about one second and a discrimination against in-phase 
signals of 500 x . Time marking is provided by interrupting the beam at 1000 
or 5000 c.p.s. In the resulting record, the waxing and waning of sources and 
sinks produces deflexion along a radius, whilst changes in the position of 
sources or sinks relative to the electrodes cause rotation of the radius about the 
centre. The local current is thus indicated in polar co-ordinates. It is impossible 
by other means to differentiate from a single record between activity changing 
in intensity and changing in position. At present the simultaneous analysis is 
made in two directions only; and a time-base record is taken by a second beam 
simultaneously. Information on activity in the third direction has been 
derived from successive analyses. It is possible to differentiate between local 
and general activity by small movements of the electrodes, the general effects 


remaining substantially constant over considerable distances. Some records 
from frogs are illustrated in Fig. 1. 
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Many of the changes of physiological interest go down to the limits of detec- 
tion. In some experiments metal electrodes have been used to lower the noise 
level, and filters are fitted which can be switched in to clarify slow changes at 
extreme amplification. 

The vector record following any change in the sensory inflow has a charac- 
teristic form for a given change but alters with any change in locus or charac- 
teristics of the peripheral stimulus. 


A small perfusion pump. By E. W. Ciarxe. Physiological Laboratory, 

Cambridge | 
The pump has been used for perfusion of the rabbit ear in experiments which 
require it to have a small dead-space. Otherwise it is of conventional design 
with two valves and an oscillating membrane. The parts of the pump in con- 
tact with the perfusion fluid are of polythene and may be easily dismantled for 
cleaning. The pump has an internal volume of about 0-1 ml. 


A polythene bottle-stopper (2 cm in diameter) is used for the body of the 
pump. The diagram shows it in vertical section, the plane of the section being 
parallel with the flattened knob of the stopper: The stopper is divided into 
three by horizontal cuts at A and B. The two:vertical holes through the knob 
are of a size which makes a good fit with the tubing used for the valves and 
connecting tubes. Cavities for the valves are made by enlarging the holes with 
a hot metal former of rectangular cross-section, or may be drilled out if a small 
dead-space is not required. The valves are shaped by squeezing the end of the 
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polythene tube in a vice fitted with smooth clams. In order to have a more 
compact valve the tubing is first cold-drawn beyond its yield point and the 
thinned portion subjected to the squeezing process. For the purpose of the 
diagram the valves have been represented in side and end view. After fitting 
the valves the stopper is assembled with a piece of thin polythene sheet between 
the cut surfaces at B. The parts of the stopper are brought into their original 
position by aligning a mark made on the side before it was cut. A brass plug 


with a tube and two lugs (not shown in the diagram) is placed over the end of — 


the stopper and the whole fastened together firmly with elastic bands. A Dale- 
Schuster pump is connected to the tube in the brass plug. 


A time marker for use with sweep expanders. By J. F. Parmer. 

Department of Physiology, University College London, Gower Street, W.C.1 
The time-marker unit has been designed for use with the sweep expander or 
compresser previously described (Palmer, 1955), but may be used in conjunction 
with any such unit provided that a rectangular pulse may be derived from it. 
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Fig. 1. Circuit diagram of time marker. V1, V2=12 AUT or 6SN7; V3, V4—EA 50. 3 a 


VR1, VR3, VR6=1 MQ; VR2=100 kQ; VR4, VR5=50kQ. M1=<5 mA meter. 


When a trace is expanded or compressed in this way it is essential for the time 
calibration in the modified portion to be altered to permit useful time measure- 
ment, e.g. Fig. 2. Two oscillators are required at inputs J2 and J3 in Fig. 1, to 
give the timing frequencies for the normal and modified portions of the trace; 
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sine or Square waves may be employed. With 82 and 83 in the position shown 
in Fig. 1, square waves are differentiated and the negative portions suppressed 
by the diodes V3 and V 4 leaving positive pips. For sine waves the switches 
are used in the alternative positions. The positive pips or sine waves are applied _ 
to the grids of V 2 through the respective amplitude controls VR4 and VR5. 

_ VR3 and VR6 may be adjusted so that only one half of V2 will normally 
conduct; the corresponding signal will then appear at the output J4. 

A signal applied to J 2 will appear at the output terminal when V 2A is con- 
ducting; the arrival of a negative rectangular pulse at the grid of V 2A will cut 
the valve off. The arrival of a positive rectangular pulse at the grid of V 2B will a 
then cause the signal being applied to J3 to appear at the output. By applying 4q 
simultaneous negative and positiverectangular pulses at the corresponding grids 
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Fig. 2. Double beam oscillogram showmg compression. 6 ke/s sine wave with 300 c/s pips 7 
(and 50 c/s) above; 6 ke/s sine wave below. 


of V2 immediate switching of the timing signals is achieved. The valve V1 9 
produces pulses of opposite polarity when a pulse arrives at its signal grid. The : 
rectangular pulse used for expansion or compression is applied to the input J 1; 
the amplitude of the positive and negative switching pulses applied to the grids 
of V2 is controlled by VR1. When V 1 isin the ‘resting state’ it is desirable that 
the anode potentials should be equal. Balance is checked on meter M1 by 
adjustment of VR2 with switch 81 closed. 

The power pack described by Attree (1948) has been used for this unit, 
though a highly stabilized power supply is not essential. 
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The effect of K, Rb and Cs on the resting potential of frog muscle. 
By R. H. Aprian 


A tape recorder for slow potential changes. By P. E. K. Donatpson 
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A miniature battery-driven oscilloscope. By P. E. K. DoNnaLDSon 


Cord dorsum potentials in the spinal frog. By R. T. TrecEzar 


The effect of polarization on the ventral root potential in the frog. 


By D. W. KenNnarD 


Cine fluorographic studies of eructation in sheep. By R. Ww. 
Dovenerty. (Film) 


Two fast reactions of rhodopsin. By W. A. Hacins 


Experimental contribution to the dynamics of posture. By W. R. 
Hess. (Film) 


How locusts fly. By T. Wxis-Focn. (Film) 


The action of drugs on central cholinergic synapses. By J. C. 


Ecctrs, Rosamonp M. Eccrzs and P. Fart. Department of Physiology, 


Australian National University, Canberra, Australva 


Motor-axon collaterals have been shown to excite by a cholinergic mechanism 
a special group of interneurones (Renshaw cells) which lie in the ventro-medial 
region of the ventral horn of the cat’s spinal cord (Eccles, Fatt & Koketsu, 
1954). These cells offer particularly favourable opportunity for the investiga- 
tion of cholinergic transmission in the central nervous system, because by 
microelectrode technique it is relatively easy to record the spike potentials 
from individual units. 3 

When applied by intra-arterial injection, nicotine evoked a prolonged dis- 
charge of Renshaw cells even in a dose as small as 0-2 yg, the threshold dose 
never being above 2 wg. Acetylcholine was less effective, often by a factor of 
hundreds. When injected intravenously some minutes before, the anticholin- 
esterase, eserine, increased the effectiveness of intra-arterially injected acety!- 
choline, causing even a ten-fold lowering of the threshold dose, whereas there 
was no significant change in the effectiveness of nicotine. On the other hand 
the blocking drug, dihydro-f-erythroidine, when similarly administered, was 


very effective in depressing the sensitivity of Renshaw cells to both nicotine 
and acetylcholine. 
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When given intravenously such anticholinesterases as TEPP and DFP were 
found to be almost as effective as eserine in prolonging the repetitive discharge 
of impulses which a single antidromic volley evokes from a Renshaw cell. 
Prostigmine usually had little or no effect, but in two experiments it resembled 
eserine. 

When directly injected into the environment of a Renshaw cell, prostigmine 
always acted as a powerful anticholinesterase. It is therefore suggested that 
the diffusional barrier surrounding blood vessels in the central nervous system 
usually prevents the access of prostigmine to the cholinergic synapses, and 


may also explain the ineffectiveness of p-tubocurarine in blocking these 


synapses, 

In addition to such a barrier around blood vessels, it appears to be necessary 
also to postulate that the synaptic regions are surrounded by diffusional 
- barriers which greatly impede the outward diffusion of the liberated acetyl- 
choline. Presumably such barriers also contribute to some of the anomalous 
pharmacological properties of these central cholinergic synapses. 


REFERENCE 
Eccles, J. C., Fatt, P, & Koketsu, K. (1954). J. Physiol. 126, 524. 


Foveal photopigments in normal and colour-blind. By W. A. H. | 


Rusuton. Physiological Laboratory, Cambridge 


Visual pigments in the living eye may be investigated by analysing the light 
reflected from the fundus oculi in an ophthalmoscopic arrangement (Rushton, 
Campbell, Hagins & Brindley, 1955). A modification specially free from stray 
light detected a cone pigment on the normal fovea (Brindley & Rushton, 1955). 
Further improvement in the technique has led to substantial increase in sensi- 
tivity and discrimination so that now two foveal pigments may be distin- 
guished in the normal, and it seemed practicable to investigate the colour- 
blind. 

(a) Protanope. One protanope has been carefully investigated, and one 
marked case of protanomaly gave very similar results. 

(i) The absorption spectrum of the protanope is abnormal in having the 
maximum at about 540 my instead of 550 my. 

(ii) The total pigment density appears some 50 °% greater than normal. It is 


_ 015 (double passage) which is equal to the normal rhodopsin density at 15° 


parafoveal. 

(iii) Partial bleaching with intense red light or intense blue light gave iden- 
tical difference spectra showing that only a single pigment is involved. 

(iv) Dr Willmer (1949) had investigated the threshold foveal sensitivity of 
this subject and gave me his results. When transformed from watts~* to 
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quanta-! the curve coincided with (i) and the absolute sensitivity was about 
50% greater than normal (cf. (ii)). The relation between sensitivity and ab- 
sorption spectrum is thus analogous to the well-known twilight visibility and 
rhodopsin spectrum relation. 

(b) Normal. (i) The difference spectrum on total bleaching has a maximum 
at about 550 mp coinciding with the normal photopic maximum. 

(ii) Partial bleaching with red or blue does not give identical difference 
spectra. The change must involve at least two pigment systems and is always 
in the expected direction. 

(iii) Regeneration after complete bleaching is half complete in about 80 sec 
and complete in about 5 min. There is no evidence that the two pigments re- 
generate at different rates. The protanope regeneration time is the same. 

(c) Deuteranope. One deuteranope and one marked case of deuteranomaly 
have been observed. In each the amount of visual pigment detectable was so 
small that it was not practicable to make any discriminating measurement 
upon it. The amount was about 10% of the density in the protanope. 
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Giant nerve fibres in Protopterus. By I. C. Smrru. Department of 
Zoology, University of Glasgow 7 


Giant nerve fibres have been described in the spinal cord of cyclostomes— 


_ Miillerian fibres, and in some fishes and urodeles—Mauthner’s fibres (Kuhlen- 


bach, 1927). The fibres spring from cell bodies in the medulla oblongata and 
pass down the spinal cord to the tail musculature which they control. The 
following outstanding example of vertebrate giant nerve fibres in a lung-fish 
may be of interest and value to neurophysiologists. 

During a study of the vertebral column in Protopterus two very large fibres 


with an elliptical section were observed lying on either side of, and slightly 


ventral to, the central canal (Fig. 1). This has already been reported (Burchardt, 
1892), but is not widely known. The fibres, which are myelinated, occupy a 
space measuring 210 x 150 but the single specimen of Protopterus sp., whose 
estimated length was about 95 cm, was incomplete and preserved only for 
gross anatomy so that the histological picture is imperfect. Both the spinal 
cord and the giant fibres have shrunk, the degree of radial shrinkage of the 
spinal cord appears to be rather more than 33 % and in life the giant fibres 


might be of the order of 300 x 210 p, cf. 160-300 uw in Sepia officinalis (Hodgkin 
& Keynes, 1955). 
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For a neurophysiologist, Protopterus would have several peculiar advantages: 
(i) It is the most easily obtained dipnoan and is a large, primitive fish allied 
to the amphibia, (ii) the giant fibres might reach a length of 1 m or more in a 


¢ ‘ 


Fig. 1. Transverse section of the spinal cord of Protopterus sp., showing the two giant 
nerve fibres lying on either side of, and slightly ventral to, the central canal. 


_ large adult, (iii) the notochord is unconstricted and the neural arches are in- 
completely ossified, (iv) it is not only a fresh-water fish but can also survive for 


a considerable time out of water. 
My best thanks are due to Prof. A. L. Hodgkin who suggested this communication, and to 


"Mr 8, McGonigal for the photography. 
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The uptake of ™I-labelled thyroxine and triiodothyronine by the 


neurohypophysis. By G. W. Harris, A. Tauroa and W. Tone 


Impulse pattern of taste. By M. J. Conn, S. Hacrtwara and 
Y. ZOTTERMAN 
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Hypothalamic control of water intake. By B. ANDERsson and S. M. 
McCann. Department of Physiology, Veterindrhégskolan, Stockholm 


The polydipsic effect of injections of hypertonic saline into the hypothalamus 
of goats has been described (Andersson, 1952). To elucidate further the role 
of the hypothalamus in the regulation of water intake three different ap- 
proaches were employed: microinjections, electrical stimulations (by a modifi- 
cation of the technique of Hess (1949)) and ablations. 

Microinjections of less than 0-01 ml. of 3° NaCl solutions induced drinking 


of large volumes of water when performed within a ey wide area of the 


middle hypothalamus. 

Electrical stimulations in unanaesthetized goats were ae to give a more 
reproducible polydipsic effect in the same region where osmotic stimuli were 
effective. An animal weighing about 40 kg could drink more than 151. of water 
during the course of an experiment, and the stimulatory effect could be re- 
peated at will. The time of latency before the onset of drinking varied between 
6 and 45 sec; the drinking usually continued without interruption during the 
stimulation and 3-6 sec afterwards. The parameters of stimulation were 0-5 to 
1-5 V and 50 c/s. After the animals had drunk sufficient amounts of water the 
diuresis was followed and the effect of subsequent stimuli on the course of the 
water diuresis (in lactating animals also on the milk flow) was evaluated. 
Stimulations in the caudal portions of the ‘drinking area’ did not cause anti- 
diuresis or milk ejection. Stimulation in the anterior portion of it near to the 
paraventricular nucleus caused antidiuresis and milk ejection, where the latter 
was studied. It might be emphasized that drinking, antidiuresis, and milk 
ejection could be evoked simultaneously from the same points of stimulation. 
The fact that antidiuresis is elicitable when stimulating close to the para- 
ventricular nucleus in the goat is at variance with the finding of Harris (1947) 
in the rabbit that such stimuli do not evoke antidiuresis. 

Preliminary experiments in dogs, where electrocoagulations were made by 
the Hess technique in the ‘drinking area’, indicate that a partial or complete 
loss of thirst can be produced, although the animals may show no transient or 
permanent diabetes insipidus. The present results agree with the report by 
Witt, Keller, Batsel & Lynch (1952) that when the lesions of diabetes insipidus 
dogs are extended dorsally and laterally thirst may be abolished, but they also 


indicate that injury to the supraopticohypophyseal system is not essential for 
abolition of drinking. | 
REFERENCES 
Andersson, B. (1952). Experientia, 8, 4, 157. 
Harris, G. W. (1947). Philos. Trans. B, 232, 385. : 
Hess, W. R. (1949). Das Zwischenhirn. Basel: Benno Schwabe & Co. 
Witt, D. M., Keller, A. D., Batsel, H. L. & Lynch, J. R. (1952). Amer. J. Physiol. 171, 780. 


fg 
U 
of 
ny 
5 up 
+. 
1 
“$ 
sa 
0 
. 
4 
4 
r 
8 
4 
| 
aa 


b and had P values of < 0-05. 


SOCIETY, 15-16 JULY 1955 45 P 


The early metabolic effects of single injections of ‘thyroid 


hormone’. By R. E. Moore. Department of Physiology, Royal Free 
Hospital School of Medicine, London, W.C.1 


Using the apparatus of Richards & Collison (1928) a technique has been evolved 
of following the B.M.R. changes in individual rats continuously for periods of 


up to 16 hr. A continuous reeord of oxygen consumption is provided by a 


tambour tracing which reflects the small pressure changes (c. 3 mm H,0) caused 
by the passage of oxygen bubbles through an oil demand valve into the meta- 
bolism chamber. Each bubble is of the order of 1-0-1-5 c.c. and each valve will 
give calibration values reproducible to within +1%. Animal movements of 


even a minimal degree are shown up as secondary disturbances on an otherwise 


saw-tooth tracing. The record is assessed by counting the bubbles over selected 
quiet 5 min periods and compounding the lowest of these into 20 min aggre- 


gates, each of the latter extending over not more than 2 hr. The central time 
of the aggregate is taken for plotting hr after injection. Some 6-8 points can 
_ usually be obtained over a 12-16 hr run. The technique obviously involves 
_ personal selection of results; undue bias is probably avoided, however, if only 


the lowest possible values are included. 
Following the injection of L-thyroxine (TX) or L-triiodothyronine (TIT), a 


rising B.M.R. is evident after a few hours. The general picture is that of a 


sigmoidal response with a steep maximal response phase, whose slope tends to 
a value of 1-0 c.c. O,/kg/min/hr. This rate of rise, which would be equivalent 
to an increase of about 150°%/24 hr, is maintained for a few hours only. The 


_ maximal slope is obtained by linear regression calculation of B.M.R. on hr after 
injection, and out of some forty comparable experiments in normal rats, a 


significant (P > 0-05) b value of between 0-62 and 1-08 has been found on twelve 
occasions. Most of the remainder showed the same type of response but too 
few points were available over the critical period to obtain a P value of <0-05. 


_ The number of points obtained and their timing is a matter of chance, depending 
- upon the animal’s activity. 


Extrapolation of the regression line to preliminary B.M.R. levels gives an 
estimate of the latency of the maximal response phase. This latency has been 


_ found to vary from 0-5 hr depending on the site of injection, the dose and the 


substance injected. It is much affected by the slope of the line, being greater 
and of higher significance with high 6 values. In general, intravenous (I.v.) 
injection of TIT appears to have the shortest latency. In one experiment 
where the two substances were compared at dose levels of 50 ug TIT and 200 ng 
TX, injected intravenously or intraperitoneally (1.p.), the maximal response 
phases were indistinguishable (b =0-90-1-08) and the latencies fell in the order 
TIT; ranging from 20-5-0 hr. All values of 
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Calculation of the latency in this way ignores the slow rise which is usually 
seen before the maximal response phase. It appears likely that in fact the meta- 
bolic response of the whole animal is initiated immediately a sufficient con- 
centration of hormone reaches the tissues. 


REFERENCE 
Richards, A. N. & Collison, L. W. (1928). J. Physiol. 66, 299-306. 


Control of brain potentials by pseudo-cholinesterase. By J. E. 
DesmeptandG.LaGrurta. Laboratoire de Pathologie générale, University 
of Brussels, Belgium 


Inhibitors relatively selective for either aceto- or pseudo-(butyro-) cholines- 
terase were injected into the external carotid artery of unanaesthetized cats 
(spinal cord severed at C 1) while recording the electrical activity of the 
cerebral cortex. The first column of Table 1 presents the average doses which 
just accelerate and desynchronize the spontaneous rhythms and which pro- 
duce correlatively a clear-cut masking effect (occlusion) of the surface-positive 
evoked responses in sensory areas. For comparison, the same drugs were 
tested on the indirect twitch of the tibialis muscle in chloralosed or decerebrate 
cats, by distant arterial injection into the opposite iliac artery. The average 
threshold doses for potentiation (a phenomenon depending on inactivation of 
the aceto-cholinesterase of the neuromuscular junction) are presented in the 
second column of Table 1. | 


TABLE 1 
(1) (2) 
Activation of Potentiation of 
cerebral cortex 
Inhibitors of pseudo-ChE: ve) (+8) 
D.P.F. 10-20 150-300 
Ro-2-0683 3-10 90-130 
Inhibitors of aceto-ChE: 
BW 284C 51 80-300 2, 5-10 
Ro-2-1250 50-90 5-15 


The data indicate that under these conditions activation of brain potentials 
depends upon inhibition of pseudo-cholinesterase. As there is evidence that 
this enzyme is associated with the neuroglia (Hebb, Silver, Swan & Walsh, 
1953; Bilbring, Philpot & Bosanquet, 1953; Cavanagh, Thompson & Webster, 
1954; Koelle, 1954) it is suggested that brain choline esters, besides their possible 
role as transmitter at some synapses, might act as a ‘local hormone’ in- 
fluencing the chemical milieu of neurons in the cerebral cortex (see Burn, 


et al. (1950) and Burn & Walker (1954) for related views with respect to the 
intestine and the heart). 
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Thresholds of taste for phenylthiocarbamide in various ethnic 
groups. By J. W.H. Luae. Department of Biochemistry, University of 
Malaya, Singapore 

In connexion with a study of the 17-ketosteroid excretion of members of a 
variety of ethnic groups living in Malaya an opportunity was presented of 
studying also the thresholds of taste for phenylthiocarbamide (P.T.c.) in these 
groups, including jungle-dwelling aborigines. Tests of a method deemed suitable 
for the purpose were first made on samples of fifty subjects drawn from four 
civilized groups, namely, Southern Chinese, European, Southern Indian (Tamil) 
and Malay (see Lugg & Whyte, 1955); and it was shown that corrections for 
age and sex effects made by means of formulae derived from the results -pub- 
lished by Harris & Kalmus (1950-1) for English subjects, may be distinctly 
advantageous with small samples. 

The same general procedure has been applied recently to samples of fifty 
subjects drawn from two Malayan aboriginal groups, the Sémai branch of the 
Sénoi and the Kintak Bong branch of the Negrito. Incidentally, the sample 
represented about two thirds of the entire Kintak Bong population. 

The usual bipartition of the frequencies between the so-called ‘non-taster’ 
and ‘taster’ classes (cf. Hartmann, 1939; and subsequent workers who have 


used ‘threshold’ methods) has been observed in all these studies. 


With reference to the results for the Malayan aborigines, the distribution 
among the Sémai Sénoi approximated fairly closely to that found among the 


_ Southern Chinese, there being only a very small ‘non-taster’ fraction, and on 


the other hand the distribution among the Kintak Bong Negritos conformed 
rather with those found among the Europeans, Southern Indians and Malays, 
with a relatively large ‘non-taster’ fraction and a widely scattered ‘taster’ 
fraction. It has been observed (Lugg, 1955) that one of the Kintak Bong sub- 
jects displayed a higher acuity of taste for PTC than has been recorded for any 
other human subject tasting any substance. 
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Vagal effects on the sinus venosus of the frog’s heart. By 0. F. 
Hurrer* and W. Travtwein.t Wilmer Institute, Johns Hopkins Hospital 
and University, Baltimore 


The pacemaker fibres in the spontaneously beating sinus venosus of the frog’s 
heart show a slow depolarization during diastole and a gradual transition to 
the upstroke of the action potential (Trautwein & Zink, 1952). The highest 
membrane potential during diastole was 47 mV (mean 36 stable impalements, 
s.D. 6°3 mV); the pacemaker potentials reached 11-14 mV. 

In attempts to record the events during vagal inhibition the following obser- 
vations were made: (i) If a brief train of vagal impulses arrives during the re- 
polarization of an action potential the next pacemaker potential rises more 
slowly towards the threshold. Longer stimulation suppresses the pacemaker 
potential and rapidly drives the membrane potential to a level 2-13 mV (mean 
8 mV) above the diastolic value in the beating preparation. (ii) When the 
sinus starts to beat again the first two or three action potentials show an in- 
creased rate of repolarization and usually a small decrease in the ‘overshoot’. 
(iii) In experiments on the sinus venosus of the tortoise the responses to direct 
stimuli were studied. During vagal inhibition the action potentials showed a 
striking reduction both in height and in duration; conduction in the sinus was 
always slowed, and often blocked. 


REFERENCE 
Trautwein, W. & Zink, K. (1952). Pfliig. Arch. ges. Physiol. 256, 68. 


* Rockefeller Foundation Fellow. 
+ National Academy of Sciences Fellow. 


Effects of vagal and sympathetic nerve impulses on the membrane 
potential of the frog’s heart. By J. pet Castixio and B. Karz. 
Department of Biophysics, University College London 


Vagal and sympathetic nerve impulses are known to alter frequency and shape 
of the cardiac action potentials. In addition, slow electric changes have been 
observed by Gaskell (1887) in the quiescent heart, the response to vagal 
impulses being an increase, that to sympathetic impulses a decrease of the 
injury potential. 

In the present experiments intracellular electrodes were used to record the 
membrane potential in the sinus venosus of the frog’s heart and to detect any 
slow local changes which impulses in the accelerator and inhibitor nerves 
produce at the pacemaker region. The electric activity of this region is dis- 
tinguished by a gradually developing subthreshold depolarization which 
precedes, and presumably initiates, the firing of each action potential. Vagal 
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stimulation was found to counteract this local depolarization, and in the most 
striking instance to hyperpolarize the cell membrane by over 30 mV (from 50 
to 83 mV). In some hearts the response to a single vagal shock could be de- 
tected at certain regions of the sinus venosus during a state of previously in- 
duced arrest; it consisted in a transient hyperpolarization of up to 7 mV, rising 
in 2 sec and lasting about 7 sec (16° C). 

Sympathetic nerve stimulation causes the rate of the local depolarization in 


_ the pacemaker region to increase and so accelerates the beat. When sympa- 


thetic impulses were sent into an arrested heart, they were occasionally found 
to be followed, in some regions of the sinus, by a graded subthreshold depolari- 


zation which either died out locally or culminated in propagated action 
_ potentials, accompanied by a recommencement of the beat. 


In some experiments it was also possible to confirm that the local electric 
effects of vagal impulses could be simulated by close application of acetyl- 
choline. Ionophoretic discharge of this substance from a micropipette caused 


a transient increase in the membrane potential of the ‘vago-sensitive’ spots. 


REFERENCE 
Gaskell, W. H. (1887). J. Physiol. 8, 404. 


Effects of lesions in the posterior parietal lobe in trained monkeys. 
By J. Cotz and P. Giezs. University Laboratory of Physiology, Oxford 


Following our observations on sensory cortex lesions in monkeys (Cole & Glees, 
1954) we have now studied the functional changes subsequent to lesions in the 
more posterior areas of the parietal lobe between the intraparietal and lunate 
sulci. A report on our early cases was made at the International Neurological 
Congress, Lisbon (Glees & Cole, 1953). After such lesions tests of motor and 
sensory abilities (Cole, 1952) revealed no defects apart from some impairment 
in dexterity, but the following new tests showed gross defects. 

The first of these consisted of a sheet of Perspex 13 x 20 cm presented to the 
monkey slanting away from him at an angle of 115-120°; the bait was placed 
centrally behind the Perspex so that the animal could obtain it by reaching 
round either side. Whilst intact monkeys easily obtained the bait by both 
approaches, those with posterior parietal lobe lesions in either hemisphere 
found it diffct, if not impossible, to reach it from the side contralateral to the 
lesion. 

In later experiments we used Perspex and zinc tubes 6 cm in diameter and 
15 em long, and found some indication that the inability to reach the bait from 
the opening contralateral to the lesion was less when visual cues were abolished. 

We infer therefore that the posterior parietal lobe is concerned with the co- 


- ordination of visual cues with directed movements. Histological examinations 
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supported this hypothesis by demonstrating that this cortical area receives 
projections from the occipital lobe and projects on to both the sensory and 
motor areas. | 


This work has been aided by a grant from the Medical Research Council. 


REFERENCES 
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The effect of chlorpromazine on the electrical activity of the brain 
of the conscious cat. By P. B. Brapiry and A. J. Hance. Department 
of Experimental Psychiatry, Medical School, Birmingham, 15 


Electrical activity has been recorded from the brain of the conscious unre- 
strained cat using an implanted electrode technique (Bradley & Elkes, 1953a). 
Chlorpromazine was administered intravenously in doses of 2-4 mg/kg, and by 
other routes in larger doses (up to 20 mg/kg). It was also used in combination 
with physostigmine sulphate (0-1-0-4 mg/kg), atropine sulphate (0-3-3-0 mg/kg), 
R-amphetamine sulphate (2-12 mg/kg) and p-lysergic acid diethylamide 
(LSD 25, 10-100 ug/kg). Chlorpromazine alone resulted in the appearance 
of slow waves at 1 or 2 c/s in all regions recorded, or bursts of rhythmic activity 
at 5-8 c/s. The animals showed motor retardation and appeared indifferent to 
sensory stimuli, which also failed to alter the slow wave activity. Chlorproma- 
zine given either before or after administration of R-amphetamine or LSD 25 
blocked the effects described for these drugs (Bradley & Elkes, 19536). On the 
other hand, chlorpromazine did not prevent physostigmine from producing 
low-amplitude fast electrical activity; it also potentiated the slow waves 
observed with atropine (Bradley & Elkes, 19536). Neither physostigmine nor 
atropine modified the behavioural effects induced by chlorpromazine. 

Acute experiments centred on the encéphale isolé and cerveau isolé prepara- 
tions where blood pressure was recorded simultaneously with electrical 
activity. In the encéphale isolé the injection of 0-5-1-0 mg/kg of chlorproma- 
zine intravenously was followed by an initial rise in blood pressure lasting for 
5-10 sec, a fall for 30-60 sec and, finally, a slow return to the original level. 
During this time there was no change in the electrical activity, but subse- 
quently there was a temporary blocking, for a period of up to one minute, of 
the characteristic spindle and slow wave activity seen in this preparation. 
When the slow activity returned, it showed an increasein amplitude and greater 
regularity. In the cerveau isolé no change in the electrical activity was observed 


following chlorpromazine if the mesencephalic section (at the level of the 


superior colliculus) was complete. An initial rise and fall in blood pressure was 
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still seen in such preparations. Blocking of the spindle and slow activity 
occurred in this preparation if the transection was incomplete, or if larger doses, 
producing a profound fall in blood pressure, were used. 

These experiments are in keeping with the suggestion that chlorpromazine 
acts on receptors situated in the brain stem reticular formation (Longo, 
Berger & Bovet, 1954). 

REFERENCES 


Bradley, P. B. & Elkes, J. (1953a). Hlectroenceph. clin. Neurophysiol. 5, 451-456. 
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The after-effects of impulses in giant nerve fibres. By B. Franxen- 
HAEUSER and A. L. Hopexin. Physiological Laboratory, Cambridge, and 
the Laboratory of the Marine Biological Association, Plymouth 


The spikes of isolated squid axons are followed by a brief period of hyper- 
polarization which is often called the positive phase and is characterized by a 
marked sensitivity of the membrane potential to small changes in the external] 
potassium concentration. 

When the effects of stimulation at 50/sec were examined we found that suc- 
cessive positive phases at the beginning of a train of impulses were not con- 
stant but declined exponentially to a steady level with a time constant of 


30-100 msec. This change was correlated with the relatively slow depolariza., 
tion resulting from the addition of successive negative after-potentials (cf. 


Shanes, 1949). In a given fibre the time constant for the build up or decline of 
the slow depolarization was about the same as that of the process affecting the 
positive phase. These effects were recorded with an internal electrode from 
cleaned axons surrounded by a large volume of saline. 

Tests with solutions containing different potassium concentrations showed 
that both the slow depolarization and the change in positive phase could be 
matched by an increase in potassium concentration; the apparent rise in con- 
centration after a single impulse found by this method was about 1-5 mm at 
18° C. At this temperature the outflow of potassium during a single impulse 
is about 4 x 10-12 mole/cm? of membrane (Shanes, 1954). If ions could diffuse 
freely from the membrane this quantity of potassium would raise the concen- 
tration by less than 0-05 ma. In order to explain our results, it seems necessary 
to suppose that the excitable membrane is separated from the external solution 
by an unselective barrier to diffusion which may perhaps be identified with the 
Schwann cell layer (Geren & Schmitt, 1954). The apparent thickness of the 
space between the excitable membrane and the outer layer can be estimated 
by dividing the quantity of potassium lost in each impulse (4 x 10-* mole/cm?) 
by the rise in concentration (1-5 x 10~* mole/c.c.). The quantity —_— by 
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this method is 2-7 x 10-* cm (270A). The potassium permeability of the outer 
layer varied in different fibres between 2-5 and 15-5 x 10~> cm/sec; for an un- 
selective layer in sea water these permeabilities are equivalent to resistances of 
13 and 2 ohm cm?. Since the total resistance between the inside and the out- 
side of a resting axon is about 1000 ohm cm? our results indicate that although 
concentration differences can be built up across the external layer, it is not the 
main barrier to ionic movement. 


REFERENCES 
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The unidirectional d.c. element in e.e.g. abnormalities. By J. A. V. 
Bates. Neurological Research Unit, Medical Research Council, National 
Hospital, Queen Square, London, W.C.1 


In a recent paper Cohn (1954) produced evidence that during a wave and spike 
episode an electrically negative d.c. shift occurred in the region of the focus. 
He considered this observation to be inconsistent with various theoretical 
proposals for the origin of the wave and spike. In view of the important issues 
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raised, and to exclude various possible though unlikely sources of artifact, his 
observations have been repeated using six d.c. amplifiers recording simul- 
taneously on cathode ray oscilloscopes. In general two channels were used to 
monitor for eye movement potentials and 4 channels recorded from the scalp, 
with respect to a large electrode lightly encircling the neck. The results from 


this technique have entirely confirmed Cohn’s claim. In Fig. 1 the ending of | 


a spike and wave episode is shown in which the film was rapidly slowed about 
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3 sec before the end of the attack. An upward deflection in the top four 
channels indicates that the active area goes negative with respect to the neck. 
_ From the recent observations of Clare & Bishop (1955) such unidirectional 
negative changes appear consistent with dendritic activity in cortex under 
cortico-petal bombardment. In addition the observations support the view 
that the spike is a diphasic phenomenon with the initial phase positive rather 
than a monophasic negative phenomenon. The discontinuity at point A (Fig. 1) 
supports this but it may be more marked than in this example. It appears also 
from preliminary observations that the normal alpha burst is characteristically 
symmetrical about the baseline of a d.c. recording, the initial wave being uni- 
directional positive or negative. 


REFERENCES 
Cohn, R. (1954). Arch. Neurol. Psychiat. 71, 699-706. 
Clare, M. A. & Bishop, G. H. (1955). Hlectroenceph. clin. Neurophysiol. 7, 85-98. 


The effect of zinc deficiency on the male genital system. By P. V. 
Excoate, M. Isapet C. A. Mawson and M. Jean Miuar. 
Biology Division, Atomic Energy of Canada Limited, Chalk River, Ontario 

Symptoms of zinc deficiency appeared within 5-8 weeks in weanling rats given 
a diet containing less than 0-5 ug Zn/g. The obvious symptoms were restriction 
of growth, alopecia, greying of black hair and skin lesions. The histological 
appearance of epithelial tissues, particularly in the skin, mouth and oeso- 
phagus, was typical of zinc deficiency (Follis, Day & McCollum, 1941) and the 
much enlarged submaxillary glands contained no secretion granules in the 
secreting duct cells (compare Raynaud, 1954). The testes were degenerate and 
the epididymes of deficient animals contained few or no sperm and these organs, 
as well as coagulating glands, seminal vesicles and prostates, were much smaller 
than normal. Animals pair-fed on the deficient diet with a daily supplement 
of 100 4g Zn had normal sexual organs and normal sperm production. 

When zinc-deficient rats were given testosterone propionate, there was a 
slight gain in body weight, which soon ceased. Testis weight declined, but 
tubular degeneration was arrested. Epididymis weight increased, but was not 
restored to normal, and the weights of dorsolateral and ventral prostates and 
seminal vesicles became much greater than normal. Granules reappeared in 
the duct cells of submaxillary glands. Very similar results were obtained when 
zine was added to the diet of deficient rats, except that testis weight increased 
but remained less than that of controls, while accessory organs were restored 
to, but did not exceed, normal weight. The pituitaries of zinc-supplemented 
rats had the same weight as those of controls, but the pituitaries of testo- 
sterone-treated zinc-deficient rats resembled those of untreated zinc-deficient 
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rats, being little more than half the normal size. These results suggested that 
the failure of growth in accessory sex organs in zinc-deficiency might be due to 
decreased testosterone production. 

When gonadotrophin (‘Synapoidin’—FSH + LH) was given to zinc-deficient 
rats it caused a great increase in size of prostates, seminal vesicles and coagu- 
lating glands and smaller growth of testis and epididymis. The rats used were 
deprived of zinc earlier than those in the testosterone experiment, and treat- 
ment of the deficient rats was for a shorter period. 

Since the sexual apparatus of zinc-deficient rats can respond to gonadotro- 
phin, it appears that the restricted growth of their reproductive organs may 
be due to depressed production of gonadotrophin. Further work will be re- 
quired to decide whether gonadotrophin can produce normal regeneration of 
testicular tissue with normal sperm production in zinc deficient animals with- 
_ out addition of zinc to the diet. 


Acknowledgement is made of histological work by C. M. Gravelle and photographic processing 
by N. R. Vincent. 
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Vago-vagal reflex effects on gastric and pancreatic secretion in 
cats. By A: A. Harper, C. Kipp* and T. Scratcuerp. Department of 
Phystology, The Medical School, King’s College, Newcastle wpon Tyne 

Pavlov (1902) suggested that after the initial ‘psychic secretion’ the main- 
tenance of gastric secretion during digestion of a meal might be due to excita- 
tion of the secretory centre in the brain stem by impulses in visceral afferent 
nerves from the stomach. Since the discovery of the hormonal control of 
digestive secretions, such reflex influences have received little attention. The 
following experiments indicate that there are pathways in the abdominal vagus 
trunks which could subserve such reflexes. 

In cats, anaesthetized with chloralose or chloralose-urethane, the stomach 
was intubated via the oesophagus, the pylorus occluded and the pancreatic 
duct cannulated. The stomach was washed out every 15 min with 25 ml. n/200 
HCl, and pancreatic secretion maintained by secretin. Pepsin was measured 
by Hunt’s, and amylase by Norby’s method. Electrical stimulation of the 
central end of the abdominal vagus branches in cats produces vomiting move- 
ments. T’o eliminate these disturbing effects the spinal cord was cut in the upper 
cervical region. 

Caudal to the roots of the lungs the right and left vagus nerves each divide 
into two branches. By the union of two of these branches, one from either 
nerve, the ventral and dorsal vagus trunks are formed on the lower part of the 
* Junior Luccock Research Fellow in the University of Durham. 
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oesophagus. Any one of those four branches was cut, and its central end stimu- 
lated electrically with square-wave pulses from a Ritchie Sneath stimulator 


for ten successive $ min periods with } min intervals. The effects of stimulation © 


were & marked increase in the output of pepsin, and a slight stimulant action 
_ on acid secretion. No effect was observed on the volume of pancreatic juice, 
but in a number of the experiments there was a moderate increase in the amy- 
lase output. The gastric secretory effects could not be related to any changes in 
motility produced by the stimulation. The reflex nature of the responses was 
demonstrated by the negative results on repetition of the stimulation after 
section of the vagus nerves in the neck. In a number of animals there was a 
moderate increase in pepsin output for about one hour after section of the 


vagus nerves. 
REFERENCE 
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Reflex secretion by the parotid gland of the sheep. By R.S. Comune 
and R. N. B. Kay. Physiological Laboratory, University of Cambridge 


Eckhard (1867) has shown that the secretion of the sheep’s parotid continues 
after denervation of the gland, although at a reduced rate. In addition to this 
component, increased rates of secretion have been reported in anaesthetized 
sheep following tactile stimulation of the lower oesophagus (Clark & Weiss, 
1952). 

In the present experiments, reflex stimulation of parotid salivary secretion 
has been studied in decerebrate preparations. The efferent limb of the reflex 
arc consists of parasympathetic fibres which leave the brain in the glosso- 
pharyngeal and, to a lesser extent, the facial nerves. The secretory fibres are 
distributed to the glands in*branches of the buccal nerves which, as described 
by Moussu (1890), course backwards alongside the parotid ducts, and may 
easily be damaged during cannulation of the ducts. 

Reflex secretion is elicited by tactile or chemical stimulation of the buccal 
and pharyngeal regions, or of the mucosa of rumen and reticulum. In the 
stomach, tactile stimulation is most effective when applied to the cardia or 
reticulo-omasal orifice; less pronounced effects are obtained from other regions 
of the rumen, reticulum and oesophagus. The responses from the stomach are 
abolished by section of the dorsal vagus nerve above the diaphragm, while 
those from the buccal region are greatly reduced by section of the glosso- 
pharyngeal nerves. Stimulation of the central ends of these nerves evokes 
copious secretion; section and stimulation of each cervical vagus has a similar 
effect, chiefly upon the ipsilateral gland. 3 

The increased secretion produced either by stimulation of the buccal nerve 
or reflexly is annulled by the injection of atropine, the rate of secretion being 
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reduced to that of the denervated gland. Injection of hexamethonium also 
abolishes reflex secretion, but does not affect the response to stimulation of the 
buccal nerve beneath the masseter, showing that the parasympathetic ganglion _ 
lies central to this point. — 

The flow of parotid saliva, then, appears to result from a constant secretion, 
independent of the gland’s innervation, and reflex stimulation dependent on 
the parasympathetic fibres of the buccal nerve; in addition, expulsion of saliva 
can be caused by the sympathetically-innervated contractile tissue of the gland 
(Kay, 1954). 

This work was carried out during the tenure by one of us (R.N.K.) of a Research Studentship 
from the Agricultural Research Council. 
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The absorption of radioactive B,, in normal and gastrectomized 
rats. By C.G. CLayton, A. L. Latyer and B. Scnorretp. Department 
of Radiotherapy, Royal Victoria Infirmary, and Departments of Pathology 
and Physiology, Medical School, King’s College, Newcastle upon Tyne 1 


The intestinal absorption of radioactive vitamin B,. can be determined by 
administering orally a known dose of the vitamin and then estimating with a 
scintillation counter the radioactivity of the faeces collected over the sub- 
sequent week. 

We have shown that the oral administration of 16 mug vitamin B,, to normal 
rats resulted in a mean absorption of 43-5 +1-1% of the given dose (s.z. of the 
mean of 87 observations), whereas with gastrectomized rats the corresponding 
figures were 7:1+1-3% (s.z. of mean of 28 observations). These results are 
consistent with the possibility that in the rat the stomach mucosa produces an 
intrinsic factor, but non-specific disturbances of alimentary function following 
the operation may also play a part. The administration of preparations of rat 
gastric juice to the gastrectomized animals simultaneously with the vitamin 
raised the mean absorption to a level of 16-8 + 1-6 % (s.z. of mean of 11 observa- 
tions). The difference is significant (¢t=4-4; P=0-001). So far it has not been 
possible by this means to raise the absorption to that of normal rats. The dosage 
of rat gastric juice employed had no significant effect on the absorption of 
vitamin B,, in the intact rat. 

Human gastric juice produced no significant increase in.the absorption of 
the vitamin in the gastrectomized rat but in the intact rat the mean absorption 
was reduced to 25-4 + 2-5% (s.n. of mean of 14 observations). This reduction 
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is highly significant (¢=6-6; P<0-001). A similar result was obtained in a few 
experiments in which pig intrinsic factor was given to intact rats, thus con- 
firming the findings of Rosenblum, Woodbury & Reisner (1954). 

It is therefore considered that some indications have been obtained of the 
possible existence in the rat of an intrinsic factor showing species specificity. 
Coates & Ford (1955) have also reported evidence of similar specificity from 
nutritional experiments with vitamin B,, in several species. On the other hand 
it is well known that pig intrinsic factor has been found to be effective in the 
human being with pernicious anaemia. 

Studies have also been carried out relating the absolute amounts of vitamin B,, 
absorbed as a function of the amounts ingested. It is interesting to note in this 
respect that oral doses of only 5 mug vitamin B,, result in complete excretion. 

We are grateful to Dr F. T. Farmer for the use of a scintillation counter. 
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Observations on the cerebellar responses to afferent and cerebellar 
cortical stimulation. By I. Catma and G. L. Kipp. Physiological 
Laboratory, University of Liverpool 

The cerebellar cortical responses to stimulation of afferent nerve fibres obtained 
so far by different workers vary extensively in timing and shape. No satis- 
factory explanation of these variations and of the mechanisms underlying these 
responses has been given up to date. If the cerebellar cortical potentials 
evoked by afferent stimulation are recorded in cats decerebrated at the an- 
terior border of the superior colliculus, a complex series of waves is obtained, 
in which the following components can be made out: 


a lst positive wave—latency 10-12 msec—P,, 
a lst negative wave—latency 18-20 msec—N,, 
a 2nd positive wave—latency 25-30 msec—P,, 
a 2nd negative wave—latency 35-40 msec—N,. 


If the activity in the decussation of the brachium conjunctivum is recorded 
simultaneously with the cerebellar cortical potentials, it is found that the P, 
wave is associated with the efferent cerebellar discharge and that the N, wave 
corresponds to a period of decreased efferent cerebellar activity. These results 
do not give an explanation of the origin of all the cortical waves, but they help 
considerably in the interpretation by restricting the number of possible 
mechanisms. 
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Particularly striking is the period of post-excitatory silence associated with 
the N, wave. Experiments were performed to see whether stimuli applied to 
the cerebellar cortex produced a similar period of post-excitatory depression. 
This was found to be the case: following the efferent discharge caused by a 
single shock to the cerebellar cortex, there is a period of silence lasting about 
50 msec. Ifa series of shocks is applied to the cerebellar cortex, the effects on 
efferent cerebellar activity depend on the frequency of stimulation: the low 
frequencies break up the pattern of discharge with periods of electrical silence, 
while frequencies above about 20/sec produce a steady efferent cerebellar dis- 
charge, as the cortex is driven to increased activity continuously. There is 
evidence that the post-inhibitory cerebellar rebound can be explained on 
similar lines. 

These results allow a new explanation of the contrasting muscular effects 
obtained by cerebellar cortical stimulation at different frequencies: in particular 
the low frequencies, by breaking up the pattern of steady cerebellar discharge, 
may remove the tonic cerebellar inhibition on the supraspinal or spinal levels 
and hence bring forth muscular contraction, while higher frequencies of 
stimulation reinforce the tonic cerebellar inhibitory effect. _ 

Our thanks are due to the Bury Bequest Fund for financial help in this investigation. 


Neuromuscular transmission in two non-specialized locust limb- 
muscles, each having ‘slow’ and ‘fast’ mechanisms. By 
G. Hoye | 


Action currents within the central nervous system. By P. E. K. 
Donatpson and B. H.C. Matruews. Physiological Laboratory, University 
of Cambridge 


When impulses enter the central nervous system records of potential against 
earth (i.e. to a distant electrode) from a single extracellular electrode show 
complex changes. These are due to the flow of current but it is impossible to 
ascertain its magnitude or direction from a single record. Multiple records 
(Adrian & Matthews, 1934) give more information, and successive records from 
a large number of points can be analysed to give maps of sources and sinks of 
current flow (Howland, Lettvin, McCulloch, Pitts & Wall, 1955). 

Differential recording from two electrodes in the spinal cord at a spacing of 
50-500 has been used to record the local potential gradient, which is propor- 
tional to the local flow of action current. 

A single potential record against earth is shown in Fig. 1A with a com- 


ponent of local current in Fig. 1B. It is clear that the two have different time 
courses, 
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Caution is necessary in interpreting single potential records from bulk con- 
ductors, indeed they are often misleading; we find no potential or a reversal of 
potential i is often recorded when differential and vector recording shows that 
current is flowing at a maximum rate. 

Differential recording indicates current carried by local ionic movements; 
these are closely related to physico-chemical events. The current flow recorded 
as potential gradients from spinal roots in air is known to be closely related to 
cord activity, and cord structures are very sensitive to current flow and its 
orientation & Matthews, 


Fig. 1. Records from the of the frog’ from the sciatic 
nerve. Ventral roots cut. A. Record between one electrode and a distant electrode. B. Record 
between the same electrode and a second 200, away. C. Vector diagram taken simultaneously 
between the above pair and a third 200 » away in a direction at right angles to B. A taken at 
lower amplifier gain than B and C. Oscillograph beams suppressed 15 msec after stimulus. 


Within the cord, current flow is a vector quantity and the method demon- 
strated by Donaldson & Matthews (1955) has been evolved to study this. Local 
currents often long outlast changes of potential to earth (see Fig. 1C). Ina 
bulk conductor containing changing sources and sinks, records of potential at 
a single point against earth do not define physico-chemical events at that pownt 
and considerable discrepancies between local physiological processes and such 


records must be expected. 
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The action of cholinesters and quaternary ammonium compounds 
on the spinal cord of thefrog. By J. L. Matcotm and M. Wurzet*. 
National Institute for Medical Research, Mill Hill, London, N.W.17 

The action of cholinesters, monoquaternary ammonium salts, and prostigmine 

on the ventral and dorsal root potentials (roots 9 and 10) of the isolated frog 

* With a grant from the Humanitarian Trust and the Friends of the Hebrew University, 
Jerusalem, 
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spinal cord following orthodromic and antidromic volleys has been examined. 
The cord was maintained under paraffin oil in a continuous stream of oxy- 
genated Ringer solution, to which the compounds were added. The roots were 
lifted into the paraffin for stimulation and recording. 

All root potentials were greater in height and duration after the addition of 
acetylcholine, benzoylcholine, tetramethyl-, tetraethyl- and tetrapropylam- 
monium. The effects increased with increasing concentrations of these com- 
pounds up to a certain point, but larger concentrations decreased the root 
potentials and finally produced block of central synaptic transmission. 
Butyrylcholine and tetrabutylammonium produced only depression of the 
root potentials. | 

The effect on the resting potential of the ventral roots was also examined. 
Benzoylcholine caused an initial depolarization of the cord region of the ventral 
root, followed by a hyperpolarization which persisted as long as the ester was 
present. 


Visual pigments of the rainbow trout. By C.D.B. Bripers. Medical 
Research Council, Group for Research in the Physiology of Vision, Institute 
of Ophthalmology, Judd Street, London, W.C. 1 


The photosensitive material extracted from the dark-adapted retina of the 
rainbow trout (Salmo irideus) shows a maximal loss of density at c. 520 my on 
exposure to white light. Bleaching experiments carried out with monochro- 
matic light of various wavelengths have indicated that this photosensitive 
material is comprised of at least two visual pigments. One of these has been 
fully characterized and shown to be homogeneous by the method of partial 
bleaching. It absorbs maximally at a wavelength of 507+3 my, and is very 
similar to visual pigment 510 of Alburnus lucidus (Dartnall, 1952a). 
Although the other photosensitive pigment has not been tested completely 
for homogeneity, it seems likely that it is identical with visual pigment 533, 


which has been shown to occur in the retinae of tench, pike and bleak (Dartnall, 
1952a, b; 1955). 
REFERENCES 
Dartnall, H. J. A. (1952a). J. Physiol. 117, 57P. 
Dartnall, H. J. A. (19526). J. Physiol. 116, 257. 
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The absorption spectrum of rhodopsin in solution and in intact 
rods. By R. Barzrand R. L. Sipman. Department of Human Anatomy, 
University of Oxford 

Nearly all workers who have attempted to isolate rhodopsin have used deter- 

gents, particularly digitonin, in order to disrupt the cells and bring the pigment 

into solution. It is well known that detergents may form complexes with 
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proteins and it has been shown recently that the molecular weight of the 
rhodopsin-digitonin complex is about 240,000 of which rhodopsin itself is 
believed to contribute about 40,000 (Hubbard, 1954). We have been able to 
prepare clear stable solutions of a light-sensitive pigment by disruption of 
whole retinas or of suspensions of rod outer segments with ultrasonic vibra- 
tions. The absorption maximum is at approximately 500 my, depending on the 
species, and the general behaviour is very similar to that of the digitonin 
complex prepared by classical methods. It may be possible, however, to apply 
well-known methods of protein chemistry in order to purify the material and 


determine its physical properties. 


The absorption spectrum of the pigment in a suspension of intact rod outer 
segments has also been determined using a method previously described in 
order to reduce light scattering and clarify the suspension (Barer, 1953, 1955). 
The refractive index of rod outer segments was determined as approximately 
1-405, corresponding to a protein concentration of 40%. The rods were isolated 
by flotation and centrifugation in protein solutions and finally suspended in a 
40°% protein solution. Such suspensions were fairly clear, though not entirely 
free from scattering and gave reasonably sharp absorption spectra. The 
absorption maximum was between 500 and 510 my for the unbleached sus- 
pension but the difference spectrum obtained after bleaching gave a maxi- 
mum at about 515 my. The reason for this apparent shift requires further 
investigation. Arden (1954), working with rods suspended in saline, also found 
a shift in the absorption maximum to a higher wavelength. 


REFERENCES 
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‘Some central effects of lysergic acid diethylamide on vasomotor 


responses. By K. H. Givzex.. Department of Experimental Psychiatry, 
University of Birmingham 
The effects of lysergic acid diethylamide (LSD 25) on vasomotor reflexes were 
studied in eleven cats under chloralose anaesthesia. LSD 25 was injected into 
the lateral ventricle of the brain (Feldberg & Sherwood, 1953). Artificial 
respiration was applied throughout. 

Pressor responses were elicited by one of the following procedures: occlusion 
of both common carotid arteries, asphyxia, close arterial injection of a nicotine- 
like compound (Sebacinyl-bis-choline, Ginzel, Klupp & Werner, 1952) into the 
carotid sinus region, electrical stimulation of one carotid sinus nerve, and 
electrical stimulation of the central stump of the cut sciatic nerve. 
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Doses of 100 to 200 wg LSD 25 (in 0-2 ml. saline), when injected intraven- 
tricularly reduced or abolished these pressor responses. The effect was observed 
within 1-3 min. The systemic blood pressure remained either unaffected, or fell 
by 10 to 20 mm Hg. On one occasion a greater fall in blood pressure was 
observed. Complete recovery was obtained in most experiments within 30- 
60 min, and the effects of LSD 25 could then be reproduced in the same experi- 
ment. Intravenous injection of similar or higher doses of LSD 25 did not lead 
to the effects observed when the drug had been given by the intraventricular 
route. 

The reduction by LSD 25 of the pressor response following excitation of the 
carotid chemoreceptors was more pronounced and of longer duration than the 
reduction of the carotid occlusion reflex. In three experiments differences in 
the size of the carotid occlusion response were obtained by allowing the animal 
to breathe air and pure oxygen alternately (von Euler & Liljestrand, 1943; 
Landgren & Neil, 1951). These differences were reduced or abolished by LSD 25. 
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Quantum fluctuations and uncertainty of seeing at the absolute 
threshold. By F. H. C. Marriorr and M. H. Pirenne 


The effect of 5-hydroxytryptamine on gastric secretion. By J. W. 
Buiack, E. W. Fisuer and A. N. 


Effects of vitamin E deficiency and of methylene blue on oxygen 
toxicity in the rat. By D. W. Taytor. Department of Physiology, 
University of Aberdeen 

Previous experiments have shown that rats deficient in vitamin E are more 

sensitive to the effects of high oxygen pressures than are normal animals 

(Taylor, 1953). It has been shown that methylene blue can prevent such effects 

of vitamin E deficiency as uterine pigmentation and in vitro haemolysis with 

dialuric acid, and can improve the reproductive capacity (Dam & Granados, 

1952; Christensen & Dam, 1951; Moore, Sharman & Ward, 1953). 

In the present experiments thirty-two rats were divided into four groups 
each of four males and four females. From weaning all were given the same 
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basic diet. Three of the groups received, in addition, «-tocopheryl acetate (E) 
(5 mg orally twice weekly), methylene blue (M) (0-150% in the diet), and 
a-tocopheryl acetate + methylene blue (ME), respectively. The animals were 
exposed at the age of 64 months to 5 atm of oxygen. 

The effect of E deficiency was again significant as judged by time to prostra- 
tion, with or without convulsions. The effect of M was more difficult to inter- 
pret, M alone decreasing the sensitivity compared to the totally deficient 
animals, whereas ME had no effect. It is known that the metabolic condition 
of the animal is important in exposures to high oxygen pressures and also that 
methylene blue retards growth. There was in fact a strong negative correlation 
between sensitivity and weight, and it may be that two opposing effects are 
involved. 

The previous experiments (Taylor, 1953) had suggested, rather than demon- 
strated, an increase in lung damage in the deficient animals. In the present 
case an increase was obvious (P <0-001) and was unaffected by M. 

Further, all the E-deficient animals, with and without methylene blue, after 
exposure showed gross haemolysis so that the dialuric acid test could not be 
adequately carried out. Work is in progress to determine whether this is a 
direct effect of oxygen on E-deficient red cells or whether some intermediary 
product of metabolism is involved. 
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Temperature responses in rat liver and abdomen following cold 
exposure. By J. Grayson and D. MenpeEL. Department of Physiology, 
University College, Ibadan 


The object of this work was to investigate liver and intra-abdominal tem- 
perature reactions in adult laboratory rats bred in the tropics, using thermo- 
electric recording (Birnie & Grayson, 1952). In nine experiments (average 
laboratory temperature, 28-5° C) mean liver temperature was 38:5° C, mean 
intra-abdominal temperature was 38-1° C. These values were not significantly 
different from rat temperatures recorded by Birnie & Grayson in Bristol (1952). 

Conscious rats, in restraining tubes, were placed in a refrigerated chamber 
having a mean temperature of 7-5° C. In all experiments there was an initial 
fall in intra-abdominal and liver temperature. Stable equilibrium was reached 
in 30 min and maintained for observed periods up to 1} hr. The mean drop in 
liver temperature was 1-7° C, the mean drop in abdominal temperature was 
25°C. 
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Bilateral adrenalectomy or administration of a ganglion blocking agent 
(tetraethylammonium bromide, 0-7 mg) alone did not affect resting tempera- 
tures, nor did these procedures significantly affect the intra-abdominal tem- 
perature reactions to cold environment. In both types of experiment mean 
liver temperature drop (2°1° C) was significantly greater than that found in 
the intact animal. 

In two rats, nerve block was combined with adrenalectomy. In the cold 
environment, liver and abdominal temperatures did not. stabilize, and after 
14 hr the mean drops in liver and intra-abdominal temperatures were 5-3 and 
6-2° C respectively. 

In anaesthetized rats (urethane) in the cold environment, liver temperature 
fell first by a mean value of 6-5° C after 35 min; intra-abdominal temperature 
fell rather more slowly, mean drop in 35 min being 6-2° C. 

The rats used in this work showed considerable ability to accommodate 
themselves to sudden changes in temperature. This ability was only slightly 
impaired by adrenalectomy or by nerve block but considerably impaired by a 
combination of these procedures. It may also prove significant that in the 
anaesthetized rat exposed to cold environment, in contrast to the reactions of 
non-anaesthetized animals, liver temperature fell first and somewhat further 
than intra-abdominal temperature. It is suggested that this implies an anaes- 
thetic inhibition of liver metabolism. 

This work was aided by a grant from the Medical Research Council. 


REFERENCE 
Birnie, J. H. & Grayson, J. (1952). J. Physiol. 116, 189-201. 


Occlusion of the ductus venosus in the mature foetal lamb. By 
HK. C. Amoroso, G. 8. Dawes, Joan C. Mort and Barpara R. RENNICK. 
Royal Veterinary College, London, and Nuffield Institute for Medical 
Research, Oxford : 


The foetal foal lacks a ductus venosus at term (Zietzschmann, 1924). In the 
mature foetal lamb cineangiographic observations led Barclay, Franklin & 
Prichard (1944) to conclude that a ninth or more of umbilical venous blood 
passes through the ductus venosus to enter the inferior vena cava. 

Foetal lambs were delivered by caesarian section under pentobarbitone 
anaesthesia, and the ductus venosus was approached from the left side where 
it lies adjacent to the surface of the liver. The analysis of the 0, content of 
blood samples withdrawn simultaneously by needles or through catheters 
inserted into the portal vein, umbilical vein and ductus venosus is consistent 
with the conclusion that the blood passing through the ductus venosus is 
derived solely from the umbilical vein (Table 1). If the umbilical vein is par- 
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tially constricted so as to reduce placental blood flow the systemic arterial 
% O, saturation falls. Occlusion of the ductus venosus for up to 5 min caused 
no significant change in carotid arterial O, saturation or in systemic arterial 
blood pressure. So far as the circulatory and respiratory systems are con- 
cerned, therefore, the ductus venosus may be as inessential in the mature foetal 


TABLE | 
% O, saturation of blood samples withdrawn from 


Gestation age 
Lamb no. (days) Umbilical vein Ductus venosus ~ Portal vein 


512 139 64 64 — 
568 138 95 91 44 
571 143 84 85 37 


lamb as it is in the foal. It is also probable either that only a small proportion 
of the total umbilical venous flow passes through the ductus venosus, or that 
the vascular resistance of the hepatic portal/umbilical system is very low. 
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Irin, a smooth-muscle contracting substance present in rabbit 
iris. By N. Ampacue, Ophthalmological Research Unit, M.R.C., Institute 
of Ophthalmology, Judd Street, London, W.C. 1 


Irin is an acetone- and chloroform-soluble active principle extractable from 
the iris; by the present three stage purification 250 mg iris have yielded 2-35 mg 
of a crude material which contracts the rat colon at the 10- level. 

The heads of EtCl-anaesthetized rabbits were perfused free of blood with 
0-5 1. warm Locke. The irides constricted on excision of the eyes and were then 
excised and dried between filter papers. Stage 1: Ground in distilled water 
(1 ml./100 mg) at room temperature, then heated 3 min in a water bath (100°C), 
cooled at once and centrifuged. Stage 2: Supernatant treated with 20 vol. 
acetone; cloudy ppt. removed by centrifugation. Supernatant evaporated to 
dryness with a fan. Stage 3: Residue extracted with washed CHCI,; chloroform 
evaporated. This residue is dissolved in 0-9% NaCl or distilled water for assay. 
Freshly dissolved crude irin (5-10g) produces delayed and prolonged con- 
tractions of the atropinized rat colon (5 ml. bath); it constricts the atropinized 
cat’s iris on intraocular injection. Also, the material at the end of Stage 2 
contracts the rabbit and guinea-pig gut. 

This active substance can be differentiated from the following: (1) Acetyl- 
choline, by atropine; (2) histamine, by using the rat colon (insensitive to H.), 
and by mepyramine; (3) 5-hydroxytryptamine, by lysergic acid diethylamide 
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on the colon and by differences in contraction-delay and -duration; (4) sub- 
stance P, and (5) Bradykinin—by its solubility (and extractability) in 95% 
acetone, by the solubility in chloroform, and by resistance to chymotrypsin; 
(6) the substance of Major, Nanninga & Weber and (7) a.t.P.—by the contrac- 
tion of the rabbit gut; also, a.T.P. is acetone-insoluble. 

Extracts of trigeminal nerve contained a similar substance. 


REFERENCE 
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Changes in composition of the foetal fluids of the sheep during 
gestation. By D. Atexanper, D. A. Nixon, W. F. Wippas 
and F. X. Wontzocen. Department of Physiology, St sad 8 Hospital 
_ Medical School, London, W. 2 


Jacqué (1902) examined the composition of allantoic and amniotic fluids in the 
sheep, together with some specimens of foetal urine, and suggested that in 
early foetal life the urine passed via the urachus into the allantoic sac, whereas 
in later foetal life a considerable portion enters the amniotic sac. Other 
workers (Malan, Malan & Curson, 1937; Cloete, 1939; McDougall, 1949) have 
studied the foetal fluids but not in relation to the foetal urine. 

In a series of Welsh sheep of different gestational ages we have examined the 
composition of foetal fluids and foetal urine collected at the same experiment. 
Osmotic pressures, Na*, K*, Cl’, total nitrogen, urea, creatinine, fructose and 
glucose concentrations and in some cases phosphate, sulphate and uric acid 
have been determined. For most substances the values vary with gestation 
age and the changes which occur in the fluids when compared with urine give 
general support to Jacqué’s hypothesis. 

The changes in chloride concentration in the allantoic fluid would appear to 
be of particular interest. The allantoic chloride falls from about 70 m-equiv/I. 
at 45 days to a plateau of 6 m-equiv/I. after about 90 days. The urinary chloride 
progressively falls from about 100 to 20 m-equiv/l. over the same period, but 
after allowing for this, the results suggest that there may be an active 
absorption of chloride from the allantoic sac. The cations Na* and K* do not 
show a similar change with gestational age, but a comparison of allantoic and 
urinary sodiums during the latter part of pregnancy also suggests an absorp- 
tion of this cation from the allantoic sac. 


_ This. work was aided by an A.R.C. grant to Prof. A. St G. Huggett. 
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Acetate uptake by the foetal sheep. By P. D.S. Puan and R. Scarispricx. 
Department of Animal Pathology, University of Cambridge 


Experiments were performed on nine ewes towards the end of pregnancy, in 
which, under anaesthesia, either general or epidural, the umbilical cord of the 
foetus was isolated. The acetate level in the maternal circulation was main- 
tained by continuous infusion. Blood samples were taken at the same time 
from the umbilical vein, umbilical artery and the carotid artery of the ewe, and 
the acetate and oxygen content determined. The latter affords some guide to 
the physiological state of the ewe and foetus and showed that oxygen was 
being transferred across the placenta. The values obtained for the acetate 
content of the blood samples are given in Table 1. | ; 


TaBLE 1. Acetate concentration in maternal and foetal circulations 


Volatile fatty acid (mg/100 ml. blood) 


Stage of Carotid Arteriovenous 
Ewe ars sored No. of artery Umbilical Umbilical difference 
no. ays) foetuses (ewe) vein artery (U.V. —'U.A.) 

132 2 4-8 » 1-7 1-1 +0-6 
30 2:9 +01 
2 139 1 18-0 4-6 3-6 +1-0 
3 140 2 9-6 7:2 +2-4 
4 141 2 3:3 1-0 1:3 -— 0-3 
3-2 2-6 13 
5 142 2 3-5 1-9 
6 132 2 51-4 12-2 7:8 +4-4 
7 141 2 71 1-0 - 0-3 

140 i 14-4 2-75 2-2 + 0-55 

9 142 2 35-9 4:2 2-45 +1-75 


Except in two cases foetal blood leaving the placenta contained appreciably 
more acetate than blood returning to the placenta. The level of acetate in the 
foetal circulation was always considerably less than that in the maternal cir- 
culation. The low level of acetate in the foetal circulation seems to limit the 
utilization of acetate by the foetus for increasing foetal levels were accom- 
panied by increasing arteriovenous umbilical differences. 

If the transfer of acetate and of oxygen are compared with their respective 
molar concentration gradients across the placenta it is seen that a much larger 
concentration gradient is required to transfer acetate than to transfer oxygen. 
By combining all the results for acetate transfer it seems that the oxygen 
equivalent of the acetate conveyed to the foetus is less than 10% of the foetal 
oxygen uptake. The best individual experiments, in the physiological sense, 
confirmed this. It seems, therefore, unlikely that acetate plays, quantitatively, 
as important a role in satisfying the energetic demands of the ovine foetus as it 
does in the adult. 
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Placental glycogen in the rabbit. By A. St G. Hueeerr and &. D. 
Morrison. St Mary’s Hospital Medical School, London, W. 2 


Lochhead & Cramer (1908) and Huggett (1929) found that the placental 
glycogen in the rabbit, at a given period of gestation, is substantially inde- 
pendent of induced alterations in maternal blood glucose. 

Glucose labelled with C was injected intravenously into 10 pregnant rabbits 
at dose levels of 10-30 uC. The rabbits were then anaesthetized with pentothal 
and the conceptuses removed 4-4 hr later. The total glycogen of decidua 
(maternal placenta), of foetal placenta and, in some cases, of foetus was 
estimated. The glycogen from each source was isolated and purified and its 
radioactivity was measured on a Geiger-Miiller counter. The counts/min 
above background were calculated to counts at infinite thickness and to a 
standard dose of 20 uC. 

The percentage glycogen in the separate tissues showed great variation. The 
decidual gylcogen rose to a maximum at about 21 days’ gestation. In terms 
of foetal body weight the glycogen in the decidua rose from 3-5 % at 1-5 g foetal 
weight to 65% at 4-5 g, and then fell to about 1% at 17 g. The glycogen of 
foetal placenta and of foetus was very variable but always low, 0-2-1-:2%. 

In all cases the radioactivity of the isolated glycogen was significantly above : 
background, and the activity was higher for the glycogen of the foetal placenta 
than for that of the decidua (mean ratio=5-0). The activity of the glycogen of 
the foetus usually approached that of the foetal placental glycogen. 

The product of counts/min at infinite thickness and the total amount of 
glycogen in the structure from which the sample was taken, is proportional to 
the total amount of glycogen laid down in the structure between injection of 
_ the 4C glucose and removal of the conceptus. This calculation was made for 
the six rabbits for which complete data were available. The values found varied 
irregularly with foetal body weight, but the trends of variation were very 
different in decidua and in foetal placenta. 

These experiments show that the placental glycogen in the rabbit is in a 
state of continuous exchange with the maternal blood glucose. The glycogens 
of the decidua and foetal placenta have different patterns of formation. The 
differences between the simple counts (para. 4) show that the glycogen of the 
foetal placenta cannot be simply decidual glycogen contained in peninsulae of 
decidual tissue trapped in the foetal placenta and inseparable by mechanical 
dissection. It may, in fact, be decidual glycogen; but if so, then the decidua 
must contain two types of glycogen. Also, the total rates of formation of 
glycogen appear to vary complexly with stage of gestation, and these varia- 
tions are not parallel in decidua and foetal placenta. 
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— urine is slightly hypertonic, is associated with a decrease in the osmolarity of 


_ the plasma concentration of antidiuretic hormone and the functional state of 


- paratuses, and the O, consumption and CO, output calculated. 
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The effect of sudden changes in solute output on the osmolarity 
of the urine. By F. pet Greco and H. E. Dz Warpener. Department 
of Medicine, St Thomas’s Hospital Medical School, London 


We have recently shown that in man, an osmotic diuresis, induced when the 


the urine to a constant value below that of plasma. The mechanism responsible 
for this change is obscure ; nevertheless, it appears that in certain circumstances 
hypertonic urine can be made hypotonic by increasing the solute output. 

Experiments have been performed on dogs to establish whether it is possible 
to produce the opposite effect, i.e. make a hypotonic urine hypertonic by 
decreasing the solute output. The animals were anaesthetized with pento- 
barbital and given large infusions of hypotonic saline; the urine became 
hypotonic and in many instances (as shown by Wesson, Anslow, Raisz, 
Bolomey & Ladd, 1950) remained hypotonic even if pitressin was given 
intravenously. 

The glomerular filtration rate and solute output was then lowered by either 
(1) inflating a rubber balloon in the descending aorta, or (2) the inhalation of 
cyclopropane; in both instances the urine osmolarity increased to a level above 
that of plasma. On deflating the balloon or ceasing the administration of 
cyclopropane the solute output rose and in 3-10 min the urine again became 
hypotonic. 

It is concluded that the excretion of a hypotonic urine is related not only to 


the tubules but also to the rate of solute output. 
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The metabolism of new-born infants breathing 15% oxygen. 
By K. W. Cross, J. P. M. Tizarp and D. A. H. Tryruaty. Physiology 
Department, St Mary’s Hospital, London, W. 2, and British Postgraduate 
Medical School, Hammersmith 


The effect of slight anoxia on the oxygen consumption and carbon dioxide out- 
put of new-born infants was investigated. The infant was placed in a body 
plethysmograph (Cross, 1949) so adapted that air or 15% oxygen could be 
drawn over its face by a suction pump. Samples were collected in 20 1. aspira- 
tors over a saturated salt and glycerine solution. Analyses of the mixture of 
expired air and the inspired gas mixture were made in 20 ml. Haldane ap- 
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Tests were carried out on three groups of sleeping infants less than 2 weeks 
old: 

(a) Eleven full-term infants breathing air for 25 min, during the first and 
last 10 min of which the air was measured and sampled. 

(b) and (c) Sixteen full-term and sixteen premature infants breathing air for 
10 min and 15% O, for 15 min, sampling taking place for the last 10 min on 
15% 

Compared with breathing air the minute volume did not increase when low 
O, was breathed. The respiratory quotient almost invariably rose but not more 
than about 15% over the value on air. An unexpected finding was a marked 
and significant fall in 0, consumption of about 17%. | 


REFERENCE 
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The cat’s nictitating membrane as an isolated preparation. By 


J.W.THomrson. Department of Pharmacology (Royal College of Surgeons), 
Examination Hall, Queen Square, London, W.C. 1 


An isolated preparation of the cat’s nictitating membrane would enable the 
reactions of this structure to be investigated with precision, as well as providing 
a preparation for the study of the properties of innervated or denervated 
smooth muscle. | 

Satisfactory innervated preparations have been obtained from cats under 
chloralose (80 mg/kg). After removal of the eyeball, the nictitating membrane 
is dissected free of its attachments to the orbit and the medial and inferior 
smooth muscle components, as described by Acheson (1938), are isolated. One 
or other smooth muscle is then removed and set up in Krebs solution at 37° C 
bubbled with 5% CO,/95% O,. With a light isotonic frontal writing lever, 
load 1 g and 10-fold magnification, satisfactory contractions may be recorded 
on smoked paper in response to adding suitable drugs to the bath for 14-2 min. 
The preparation shows no spontaneous activity. Contractions, e.g. to adrena- 
line, develop more slowly than in the intact animal after 1.v. administration. 
After washout, the relaxation time of the muscle depends on the dose originally 
added, but is rarely less than 6 min. 

The preparation gave a 20% maximum contraction when exposed to adrena- 
line 10-*, noradrenaline 1-8 x 10-*, acetylcholine 2 x 10-7 and 5-hydroxytrypt- 
amine 3x 10-*. Nicotine 10-5, tetramethylammonium 10-5, barium chloride 
2x 10~° and pilocarpine 1-5 x 10-* gave small contractions (about 10% maxi- 
mum). The preparation is insensitive to histamine, in agreement with Burn & 
Trendelenburg’s results (1954) on the perfused cat’s head. Succinyl dicholine 
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and decamethonium are also inactive confirming the conclusion that these 
drugs im vivo act via the ocular muscles (Paton & Thompson, 1953). 

Responses to adrenaline and noradrenaline are increased by cocaine 1-5 x 10-5, 
antagonized by dihydroergotamine 2x10-* and piperoxane 3x 10-4, and 
unaffected by hexamethonium and atropine. Responses to acetylcholine are 
increased by eserine 10-*, antagonized by atropine 1-5 x 10-? and unaffected 
by large doses of hexamethonium. Responses to nicotine and tetramethylam- 
monium, sometimes small, are antagonized by hexamethonium 1:5 x 10-. 
Responses to 5-hydroxytryptamine are also antagonized by dihydroergotamine 
2x 10-*. 

These results support the existence of separate receptors for adrenaline and 
noradrenaline, for acetylcholine (cf. Bacq & Fredericq, 1935) and possibly for 
5-hydroxytryptamine. In addition, the results are compatible with the pre- 
sence of ganglion cells, but suggest that, if present, their number is small. 
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The effects of acetazoleamide on CO, carriage in man. By W. I. 
Cranston, P. H. Sanperson and T. Stapieton. Departments of 
 Physwology, Medicine and Paediatrics, St Mary’s Hospital Medical School, 
London, W. 2 


A carbonic anhydrase inhibitor, acetazoleamide (‘Diamox’), has been given 
orally to human subjects in doses of 25 mg/kg. 

Between 30 and 60 min after the drug was given, the arterial blood showed 
a marked measured rise in pCO, and fall in pH. The alveolar ventilation and 
alveolar pCO, did not change significantly during this period, and the rate of 
CO, output fell only slightly. There was a later increase in ventilation, and fall 
in alveolar pCO,, when a bicarbonate diuresis had been established. Inspira- 
tion of CO, mixtures after the administration of acetazoleamide resulted in 
increased alveolar ventilation, which did not differ from the increase observed 
during control periods. 

A speculative explanation is offered, based upon the supposition that the 
changes in arterial blood take place after the blood has been withdrawn from 
the artery. It is tentatively suggested that arterial pCO, rather than tissue 
pCO, may be related to control of respiration. 
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The effect of different environmental and cold-bath temperatures 
on the cold pressor response in man. By G.C. Wairrow. Depart- 
ment of Physiology, University of Malaya, Singapore 

‘Immersion of the hand in cold water (4° C) for 1 min produced a rise in both 
systolic and diastolic blood pressure and an increase in heart rate in six sub- 
jects fully acclimatized to, and in thermal equilibrium with, the warm, humid 
climate of Singapore (mean dry-bulb temperature 29-8° C, s.p. 1:2° C; mean 
wet-bulb temperature 26-1° C, s.p. 0-8° C). The pressor responses were reduced 
after an exposure of about 75 min to a hot environment (mean dry-bulb tem- 

perature 42-7° C, s.p. 1-9° C; mean wet-bulb temperature 29-9° C, s.p. 1-2° C), 

and increased after a similar exposure to a cold environment (mean dry-bulb 

temperature 17-7°C, s.p. 15°C; mean wet-bulb temperature 14-8°C, s.p. 

1-9° C). Similar results were obtained when the hand was maintained in a 

constant temperature water bath (33-5° C) prior to its immersion in cold water. 

There was a significant negative correlation between the skin temperature 

of the foot and the systolic (p<0-02, >0-01) and diastolic (p<0-05, > 0-02) 

pressor responses. This conforms with the conclusion that the magnitude of 


the cold pressor response is determined by the level of the peripheral vascular 


tone (Hammarstrém, 1947). | 

The effect of immersing the hand in cold water at 1, 6, 11 and 16° C was 
investigated in four subjects at two environmental temperatures and, once 
again, the responses were smaller in the hot room than at Singapore ambient 
temperature. A significant negative correlation was found between the pressor 
responses and the temperature of the cold bath and this agrees with the obser- 
vations of Wolf & Hardy (1941). | 

In a separate experiment immersion of the hand in water at 2° C produced 
a significantly greater rise in systolic (¢t=2-669, p<0-05, >0-02) and diastolic 
(t= 3-669, p <0-01) blood pressure than did immersion at 6° C. The subjective 
sensations of pain bore no obvious relation either to the temperature of the 
cold bath or to the magnitude of the pressor response, and it seems possible to 
conclude that a change in the cold pressor response can occur without a con- 
sensual change in the subjective assessment of pain. 
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Thermal balance in man. By E. M. Guaszr and P. 8. B. New1ine. 
Department of Physiology, University of Malaya, Singapore 

A previous investigation has shown that people can be in thermal balance at 

different levels of skin temperature and deep tissue temperature, and it was 

concluded that, within limits, the criterion of temperature regulation in man 
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is not the achievement of a constant temperature, but the maintenance of a 
constant thermal balance (Glaser, 1949). Subsequently it was suggested that 
this was no shortcoming of physiological mechanisms, but a fundamental 


characteristic of all thermostats (Glaser, 1953). The present experiments were - 


designed to provide further evidence about the way in which thermal balance 
is achieved under varying conditions. 

The experimental subjects wore short trousers only and they were lying still 
on a wheeled stretcher of woven cane throughout each test. After achieving 
equilibrium with the ambient temperature of Singapore (27-30° C; vapour 
pressure 19-2] mm Hg) their whole bodies except their feet were either cooled 
with wet towels and fans or warmed under a heating cradle for exactly 5 min. 
They were then allowed to achieve thermal equilibrium either at the same 
ambient temperature, or in a cool room (16~18° C; vapour pressure 9-10 mm 
Hg), or in a hot room (38-40° C; vapour pressure 32-37 mm Hg), so that each 
subject was tested in random order in each environment, both after a short 
period of cooling and after a short period of warming. 

Thermal balance was achieved in each environment within 50-70 min. When 
the subjects were in thermal balance, there was a highly significant positive 
correlation of the mouth temperatures and of the skin temperatures with the 
environmental temperature. The skin temperatures at which equilibrium was 
achieved in any one environment were, however, always higher if the subjects 
had been previously warmed for 5 min than if they had been previously cooled 
for 5 min, and this difference was also statistically significant. This confirms the 
previous findings that thermal balance may be achieved at varying levels of 
skin and deep tissue temperature, and it can be concluded that the level at which 
thermal equilibrium is achieved in any one environment depends, among other 
things, on the previous heat load. This conforms to the behaviour of thermo- 
stats controlled by continuous variation. 
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Hyperpnoea and renal water excretion. By J. C. M. Currie and 
EvisaBetH Unimann. Department of Physiology, St Bartholomew’s 
Hospital Medical College, London, E.C. 1 


In man acute hypercapnia, anoxic anoxia, and forced breathing all cause 
polyuria. In the first case electrolyte excretion remains almost unchanged 
whereas in anoxia and in hypocapnia it rises sharply suggesting that the 
diuresis is osmotic. If, however, during anoxia the simultaneous development 
of alkalosis is prevented electrolyte excretion does not increase, yet polyuria 
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persists. We therefore wished to discover whether hyperpnoea as such provides 
some stimulus for increased water excretion, irrespective of changes in blood 
gas tensions, since it is a common denominator of all three conditions. It was 
thought that hyperpnoea might exert an effect through some intrathoracic 
stretch or ‘volume’ receptors as postulated by Sieker, Gauer & Henry (1954). 

We have recorded the effects on ventilatory minute volume, tidal volume, 
end-expiratory pCO, and the rate of urine flow of (1) normal air breathing, 
(2) voluntary hyperpnoea with alveolar pCO, constant, (3) voluntary hyper- 
pnoea with alveolar pCO, falling, (4) breathing 10 per cent oxygen in nitrogen 
with alveolar pCO, constant, and (5) breathing 3-6°% CO, in air. 

Subjects sat upright and breathed through a modified Siebe-Gorman valve 
during the entire experiment. End-expiratory CO, concentration was con- 
tinuously recorded and if desired maintained at the resting level by appropriate 
addition of CO, to the inspired gases. Urine was collected 30, 75 and 105 min 
after drinking 250 ml. of water. Procedures 2-5 were restricted to the middle 
period (45 minutes), and were always preceded and followed by 30 min of 
normal air breathing. 7 

The results show that voluntary overbreathing without attendant hyper- or _ 
hypocapnia can in fact cause a marked enhancement of water excretion. But 
this response could not be obtained in all subjects, nor in one subject on all 
occasions. It appears to depend on individual susceptibility and on adequate 
pre-hydration. No increase of electrolyte excretion accompanied the polyuria. 
Comparable changes in ventilation brought on by hypoxia or hypercapnia 
produced, usually, a greater diuresis than voluntary hyperpnoea. 

It is provisionally concluded that in man the polyuria of hypocapnia, hyper- 
capnia and of anoxia is in part due to a stimulus associated with hyperpnoea 
as such, but in part due to some additional stimulus arising from the blood gas" 
changes. In respiratory alkalosis the additional factor is most probably the 
rise in cation excretion. The possible part played by chemoreceptor stimulation 
in anoxia and hypercapnia is under investigation. 
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Distensibility of the venous bed of the foot in vivo. By M. J. 


Attwoop. Sherrington School of Physiology, St Thomas’s Hospital, 
London, S.E. 1 


Distensibility of the venous bed of the human foot has been studied with the 
venous occlusion plethysmograph using a similar technique to Clark (1933). 
The increase in volume of the foot of the supine subject was measured over a 
range of collecting pressures; this increment represents blood collected in the 
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venous bed over and above the ‘resting venous volume’ (Litter & Wood, 1954). 
Pressure-volume curves have been obtained for eighteen normal subjects at a 
plethysmograph temperature of 32-34° C, six subjects with local heating (42- 
44° C) and six subjects with diminished vasomotor tone from indirect heating. 
The curves suggest that in the erect posture, with a hydrostatic pressure of 
80-90 mm Hg, the foot veins are approaching maximal distension. Venous 
occlusion plethysmography under these conditions, as suggested by Wilkins, 
Halperin & Litter (1950), may be quantitatively inaccurate. 
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Antidromic vasodilatation in the isolated rabbit’s ear. By Pameta 
Ho.ton*. Physiological Laboratory, University of Cambridge 


Rabbits’ ears were perfused with mixtures of erythrocytes (horse, ox or human) 
and Locke, Mg-free Tyrode or Krebs’ solution containing 6°% dextran and 
10-* adrenaline. The perfusion fluid was supplied to the ear artery at 37° C by 
a Clarke (1955) pump chamber attached to a Dale-Schuster pump. 

The ears remained in good condition for periods of up to 6 hr. In most of 
the experiments, stimulation of the great auricular nerve with a small number 
of volleys resulted in antidromic vasodilatation, as recorded by the photocell 
method. Responses could be obtained repeatedly in a good preparation and 
were indistinguishable from responses in the intact rabbit’s ear. Repetitive 
stimulation (e.g. 10 shocks/sec for 1 min) caused prolonged antidromic vaso- 
dilatation and was followed by a period in which the responses were smaller 
than usual. After a short rest there was complete recovery from this fatigue. 

_ These experiments show that apparently normal antidromic vasodilatation 
can occur in the isolated rabbit’s ear in the absence of plasma proteins. Similar 
results were obtained when heparinized horse blood was used as perfusion fluid. 

* Foulerton Research Fellow of the Royal Society. 
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A method for continuously indicating blood pressure. By J. G. 
Tuomas. The Burden Neurological Institute, Bristol 

The velocity of transmission of the pulse wave in the arterial system is known 

to depend on the pressure in the system (Bramwell & Hill, 1922). An attempt 

has been made to detect changes in the diastolic pressure by continuously 
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recording the pulse wave velocity, which is measured by timing the delay 
between a fixed point on the e.c.g. record and a fixed point on the sphygmo- 
gram recorded from a convenient artery. For various reasons (Golla & 
Antonovitch, 1931) the dorsalis pedis artery has been used. 

The apparatus consists of (1) e.c.g. electrodes and amplifier, (2) sphygmo- 
gram transducer and amplifier, and (3) a device for measuring and displaying 
the time interval. A crystal microphone directly applied to the artery serves 
as a satisfactory pulse transducer. The time is displayed on a meter or on an 
ink writer. When using a meter it is convenient to average the time intervals 
over a ten heartbeat period so that the record is a steady reading on the meter. 
The sphygmogram can be registered on a second pen or on a second meter. 
A typical record is shown in Fig. 1. i 


10 sec 


Fig. 1. Upper trace indicates variation in diastolic pressure. 
Lower trace shows sphygmogram. 


The amplitude of the sphygmogram may be controlled manually or auto- 
matically before it actuates the timing device so that changes in systolic pres- 
sure do not obscure the main relationship between diastolic pressure and pulse 
wave velocity. The time interval which is measured is to some extent depen- 
dent on the velocity of blood flow, and in cases of severe vasodilatation the 
records might not faithfully reflect changes in blood pressure due to this 
obscuring effect.. A pulse rate meter is a useful accessory to the instrument. 
Details of the method of calibration will be described. : 

A continuous record of pulse wave velocity seems to offer a method of 
following changes of diastolic pressure in man. The sphygmogram amplitude 
simultaneously records the pulse pressure. The method is unobtrusive 
in use and the transducer can be left in position for several hours without 
discomfort. The method may therefore find clinical application for following 
both fast and slow changes in pressure. 
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Bromsulphthalein abstraction by perfused canine livers. By 

W.H. Anprews,* B. G. Mazerarti and T.G. Ricuarps. Department 

of Tropical Medicine, Liverpool School of Tropical Medicine, and Depart- 
ment of Physiology and Histology, Liverpool University 

The livers were perfused by the method of Andrews (1953) using whole blood 

which was diluted, when necessary to obtain a working volume, with Ringer- 

Locke solution. Bromsulphthalein (BSP) was estimated by the method of 

Gaebler (1945). | 

When BSP was added to the blood reservoir the concentration in the perfu- 
sion fluid decreased exponentially with time, provided the rate of blood flow 
remained unchanged. Increasing the portal venous flow increased propor- 
tionately the rate of abstraction of BSP from the perfusion fluid, and the liver 
appeared to remove a constant proportion of the BSP presented to it; this was 
postulated for man by Myers (1949). On the other hand, there is evidence that 
the clearance of BSP from the arterial blood is more efficient at higher rates of 
flow than at lower. 

Some livers were perfused alternatively via the hepatic artery and via the 
portal vein; for each liver the rate of flow and degree of oxygenation of blood 
was kept constant irrespective of which vessel was being perfused. Clearance 
of BSP from blood with hepatic arterial perfusion alone was almost double 
that obtained with portal venous perfusion alone. 

Adrenaline and noradrenaline when added to the blood reservoir greatly 
reduced the clearance of BSP, there was usually a latent time of about 2 min 
between the arrival of the drug in the liver and the reduction in clearance. 
‘When injected into the portal vein 1 »g/min noradrenaline had little effect on 
the clearance, but a similar amount injected into the artery almost completely 
inhibited the extraction of BSP even though the portal venous and hepatic 
arterial bloodflows were kept constant. Acetylcholine increased the efficiency 
of extraction of BSP when injected into the hepatic artery. 

These results suggest that the mechanism concerned in abstracting BSP from 
plasma is more intimately connected with the hepatic artery than with the 
portal vein. 

* Present address: Department of Pharmacology, St Mary’s Hospital Medical School, Padding- 
ton, London, W. 2. 
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Changes in the foetal membranes during pregnancy in the rat. 
By Marcaret L. R. Harkness and R. D. Harkness. Department of 
Physiology, University College London, Gower Street, W.C. 1 

In the course of other work we observed incidentally that the foetal membranes 

of the rat showed changes in their physical properties in the last few days of 

pregnancy. In the middle stages (15-19 day) they are robust and well defined, 
but in the last few days they become soft and friable. Such changes could be 
of functional importance in facilitating the break-out of the foetus at birth and 
it seemed of interest to investigate them further. We have used as an index of 
the strength of the membranes, the pressure required to burst a hole in them 
when they are held across a standard circular hole. Starting from the 15th day 
this pressure rises by about one third to a maximum about the 18th day. It 
then falls rapidly and at the end of pregnancy reaches a minimum value which 
is only about one sixth of the maximum. The fall is not due to absorption of 
collagen as the total collagen content of the membranes (estimated by modified 
method of Neuman & Logan, 1950) rose linearly from the 15th day onwards. 
It may be partly explained by a thinning of the membranes but it seems un- 
likely that this is the whole explanation since the average collagen per unit 
area drops by only about 30%. It appears that there must be a change in the 
properties of the membranes such that the same quantity of collagen has less 
strength. The fall in the breaking point of the membranes was accompanied 
by a fall in the concentration of collagen per unit weight of membranes. There 

- was also a rise in the ratio of hexosamine (estimated after acid hydrolysis by 

Elson—Morgan reaction (1933), Boas, 1953) to collagen which suggests a 

relative increase in the polysaccharide component of the tissue. 

We are grateful to the Nuffield Foundation for a grant. 
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Preliminary observations on the protein requirements of kittens 
receiving a mixed diet. By Cecrzia D. Dickinson and Patricia P. 


Scott, Department of Physiology, Royal Free Hospital School of Medicine, 
London, W.C.1 | 


Twelve kittens weighing between 1 and 1-8 kg whose average daily weight gain 
had been 16 g on a stock diet were arranged in 6 groups and given experimental 
diets containing protein at the levels of 50, 24, 21, 17, 14 and 8% of the dry 
weight of diet, respectively. Those receiving 50°, the level used in previous 
experiments (Dickinson & Scott, 1954) continued to grow at about the same 
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rate as on the stock diet, whereas all the other groups lost weight, a loss ex- 


ceeding 20% of original body weight in the first 11 days on the two lowest 


levels of protein. After this initial period, the kittens which had been receiving 
8% were given a diet containing 30%, —— on which they regained their 
original weight in 14 days. . 

A second experiment was carried out using 16 further kittens, weighing 
between 1 and 2 kg, whose average daily weight gain on a stock diet had been 
13 g. They were arranged in groups and given diets containing 43, 37, 30 and 
23% protein. The average daily weight gain of the kittens receiving 30 and 
23% protein was 5 g, but for those receiving 43 and 37 % it was 11 g. Further 
experiments now in progress will be reported but it appears that the weight 
gained by kittens receiving diets containing 30° protein and less is unsatis- 
factory, and this agrees with the results of Carvalho da Silva (1950). 


We are grateful to the Royal Society and the Medical Research Council for grants which enabled 
this work to be carried out, and to Messrs Chappie Ltd. for making up the diets to our requirements. 
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General pharmacology of oenanthotoxin. By H. F. Grunpy and 
F. Howartu. Department of Pharmacology, University of Cambridge 


Though the hemlock water dropwort, Oenanthe crocata, is one of the most 
poisonous plants in the British Isles and has been the cause of numerous human 
and animal deaths, no detailed studies of its pharmacological properties appear 
to have been made. 

We have used alcoholic extracts of the tubers and preparations of crystalline 
oenanthotoxin and found them to possess similar actions. In conscious cats 
and rabbits, intravenous injections of 0-5 ml. of extract or of 1 mg/kg of 
oenanthotoxin produced characteristic convulsions ending always in death; 
the convulsions differed only in the rapidity of their appearance from those 
produced by picrotoxin. In anaesthetized animals similar injections gave a 
brief fall of blood pressure followed by a steady rise and a concomitant large 


increase in respiratory rate and amplitude. The magnitude of the hypertensive — 


and respiratory change depended upon the initial depth of anaesthesia. 

Sections of the neuraxis at various levels suggest that the convulsions have 
their main origin in the brain stem. The hypertensive action also depends upon 
the integrity of the central nervous system. 

The cardiovascular actions of oenanthotoxin are complex. Myceniitial 
dysfunction is evident in isolated heart preparations but this actioa appears 
unimportant in the intact animal, while animals in which the central nervous 
system has been completely destroyed show but slight — in the blood 
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pressure. The heart in situ responds to a large dose of oenanthotoxin by a fall 
in rate and a dilation of-its chambers, and these changes persist during the 
hypertensive phase. The rate is promptly restored by bilateral vagotomy or 
the administration of atropine. 

In mice the LD 50 for oenanthotoxin given intraperitoneally was found to 
be about one-sixth that of picrotoxin and when mice poisoned with pento- 
barbitone received intraperitoneal injections of oenanthotoxin or picrotoxin 
in this dose ratio it was found that the two substances gave comparable re- 
covery rates. With high doses of pentobarbitone, however, a very high death 
rate in the oenanthotoxin group was noted in the first hour of the experiment 
and this is considered to be due to the slower absorption of oenanthotoxin from 
the peritoneal cavity. It has been found that the administration of pento- 
barbitone saves rabbits receiving an otherwise fatal dose of oenanthotoxin. 
Neither the mouse nor cat showed any marked resistance to oral oenantho- 
toxin, but there was no observable change in the rabbit after the administra- 
tion of at least 90 lethal doses by this route. 


Activation by glass of pharmacologically active agents in blood 
of various species. By Drsirtz Armstrone, J. B. Jepson, C. A. 
Keres and J. W. Stewart. Middlesex Hospital Medical School, London 


Certain pharmacologically active substances such as adenosine compounds, 
histamine and 5-hydroxytryptamine have been identified in shed blood 
(Barsoum & Gaddum, 1935; Code, 1952; Rapport, Green & Page, 1948). We 
have previously reported that when heparinized human blood or cell-free 
plasma is brought into contact with glass, a labile, pain-producing, uterine- 
stimulating substance resembling the polypeptide bradykinin, is formed within 
a few minutes (Armstrong, Jepson, Keele & Stewart, 1954). We have now 
studied the effect of glass on blood from several animal species. 

The blood is carefully collected either through a polythene cannula from a 
heparinized animal or into a cooled siliconed-syringe containing heparin, and 
transferred to cool polythene tubes. In this state, no agents pharmacologically 
active on the rat uterus are detectable for at least two hours. However, within 
a few minutes of transfer to glass, a labile uterine-stimulating activity develops 
in the blood or platelet-poor plasma of man, rat and guinea pig. The time- 
course of the onset and decay of this bradykinin-like activity is the same in 
human and rat plasma. Furthermore, the onset, but not decay, is inhibited by 
soy-bean trypsin inhibitor (200 yg/ml.), while the decay, but not onset, is 
greatly retarded by di-sodium versenate (1 mg/ml.). 

Cat blood responds differently in that transfer to glass liberates a stable 
uterine-stimulating agent which behaves like 5-hydroxytryptamine. Cat plasma 
behaves similarly when it contains platelets. 
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Neither labile nor stable uterine-stimulating activity develops in whole blood 
or plasma of the dog or rabbit on similar contact with glass, though more 
vigorous treatment such as stirring will liberate a substance resembling 
5-hydroxytryptamine. 

So far, we have not detected both labile and stable activities together in any 
sample of blood exposed to glass. 

It is possible that blood removed from the body may develop still other 
active agents detectable by other methods of study. 
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The role of citric acid in acetylcholine synthesis. By W. E. Ba.rovur. 
Physvological Laboratory, University of Cambridge 

Balfour & Hebb (1952) and Smallman (1955) have shown that there exist in 
mammalian and insect nervous tissue at least two systems which synthesize 
acetylcholine. Since Wieland & Lynen (1953) demonstrated that choline 
acetylase catalyses a reaction between acetyl CoA and choline it is presumed 
that acetyl CoA is the common intermediate. The first system catalyses the 
following well-known reaction: 


Acetate + ATP +CoA = Acetyl CoA + AMP + Pyrophosphate. 


A quite separate enzyme utilizes citrate as an acetyl donor (Feldberg & 
Mann, 1946; Balfour & Hebb, 1951). This role of citrate has hitherto been 
presumed to be the result of a reversal of the action of the citrate condensing 


enzyme: Citrate + CoA = Acetyl CoA + Oxaloacetate. 


The participation of such a reaction is very unlikely since the citrate utilizing 
enzyme is much less soluble than the condensing enzyme; it has an absolute 
requirement for ATP and it liberates inorganic phosphate in stoichiometric 
amounts. In the present experiments the following changes have been shown 
to result from its action: 


Citrate + ATP +CoA = Acetyl CoA +ADP + Oxaloacetate + Orthophosphate. 


The acetyl CoA formed during the course of incubation reacted with hydroxyl- 
amine to form the hydroxamic acid. This was identified by paper chromato- 
graphy (Stadtman & Barker, 1950). Oxaloacetic acid was identified by paper 
electrophoresis of the dinitrophenylhydrazone and estimated by the method 
of Friedemann & Haugen (1943). 
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When extracts of guinea-pig brain are incubated with acetate as acetyl donor 
the conditions need not be adverse for the citrate utilizing enzyme. Further, 
the yield of acetylcholine is not significantly different when either or both 
substrates are used. Inspection of the above equations shows that there is a 
difference in the nature of the inorganic phosphate liberated. Thus it is possible 
to decide which substrate is preferred when there is a choice. With guinea-pig 
brain extracts there is an almost exclusive liberation of orthophosphate. This 
finding allows the interpretation that citrate is the natural acetyl donor. One 
possibility is that the citrate utilizing enzyme is coupled with the choline 
acetylase to form an easily motivated complex. : 
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The influence of lowered body temperature on the action of certain 
drugs. By B. M. Gorrzer and Exeanore J. Zarmis 


The action of morphine on the guinea-pig ileum. By W. Scuoaumann 


The influence of a Polar environment on sleep-wakefulness 
patterns in man. By H. E. Lewis and J. P. Masterton 


The effect of oestrus and of stilboestrol on the excretion of water, 
Na and K in the dog. By Pameta Dance and Mary Pickrorp 
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